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ABSTRACT
We report a study of extended γ-ray emission with the Large Area Telescope (LAT) onboard the Fermi
Gamma-ray Space Telescope, which is likely to be the second case of a γ-ray detection from a star-forming
region (SFR) in our Galaxy. The LAT source is located in the G25 region, 1.◦7×2.◦1 around (l,b) = (25.◦0,0.◦0).
The γ-ray emission is found to be composed of two extended sources and one point-like source. The extended
sources have a similar sizes of about 1.◦4× 0.◦6. An ∼ 0.◦4 diameter sub-region of one has a photon index of
Γ = 1.53±0.15; and is spatially coincident with HESS J1837−069, likely a pulsar wind nebula. The other parts
of the extended sources have a photon index of Γ = 2.1±0.2 without significant spectral curvature. Given their
spatial and spectral properties, they have no clear associations with sources at other wavelengths. Their γ-ray
properties are similar to those of the Cygnus cocoon SFR, the only firmly established γ-ray detection of an SFR
in the Galaxy. Indeed, we find bubble-like structures of atomic and molecular gas in G25, which may be created
by a putative OB association/cluster. The γ-ray emitting regions appear confined in the bubble-like structure;
similar properties are also found in the Cygnus cocoon. In addition, using observations with the XMM-Newton
we find a candidate young massive OB association/cluster G25.18+0.26 in the G25 region. We propose that
the extended γ-ray emission in G25 is associated with an SFR driven by G25.18+0.26. Based on this scenario,
we discuss possible acceleration processes in the SFR and compare them with the Cygnus cocoon.
Subject headings: acceleration of particles – cosmic rays – gamma rays: ISM – ISM: bubbles; open clusters
and associations – X-rays: stars
1. INTRODUCTION
Most massive stars are formed in clusters by the collapse
of giant molecular clouds (e.g., Lada & Lada 2003). They
produce strong radiation fields and stellar winds, which dis-
rupt their natal molecular clouds and create bubble struc-
tures around them. Such central OB associations/clusters and
the accompanying bubbles constitute massive star-forming re-
gions (SFRs). SFRs could be sites of γ-ray emission, if the
wind energy is efficiently transferred to the acceleration of
particles. Many models are proposed for acceleration pro-
cesses in massive SFRs, such as diffusive shock acceleration
(DSA) at the wind boundary and stochastic acceleration by
magnetic turbulence (see e.g, Cesarsky & Montmerle 1983;
Bykov & Toptygin 2001). However, the limited number of
γ-ray detected SFRs limits the possibility of studying the ac-
celeration process in detail.
Observations with the Fermi Large Area Telescope (LAT)
have recently revealed the extended γ-ray emission from an
SFR in the Cygnus X region (Ackermann et al. 2011, here-
after MA11). The γ-ray emission of this SFR (a.k.a. the
Cygnus cocoon) spatially extends over a large diameter of
∼ 4◦ and appears associated with the cavities probably cre-
ated by a massive OB association, Cyg OB2. The observed
hard spectrum (photon index Γ∼ 2.2) suggests that the γ-ray
emitting particles are accelerated in the region. The acceler-
ated particles are plausibly powered by Cyg OB2. However
there is another possibility that the particles escaped from the
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nearby supernova remnant (SNR) γ Cygni.
Recent TeV observations have found an emission whose
morphology is consistent with that of the LAT observa-
tions (Bartoli et al. 2014). The observed energy spectrum is
smoothly connected to that of the LAT observations, and ex-
tends to a few TeV. Prior TeV observations have also revealed
the existence of relativistic particles of energies of up to a few
tens of TeV in this region (Abdo et al. 2007; Abdo et al. 2009;
Bartoli et al. 2012). If all the observed γ rays are attributed
to the same object, its energy spectrum must steepen at TeV
energies.
The γ-ray detection from the Cygnus cocoon is evidence
that relativistic particles exist in the SFR. This is the only firm
case of a γ-ray detection from an SFR, which may indicate
that the γ-ray detection of the Cygnus cocoon is a special
case, e.g., the relativistic particles are not accelerated at the
SFR but are runaway particles from the SNR. More studies
are needed to answer the question of whether SFRs are sites
of the particle acceleration.
In this paper, we report a study of LAT observations of ex-
tended γ-ray emission, which is likely to be the second ex-
ample of a γ-ray detection of an SFR. The LAT source is
located in the 1.◦7× 2.◦1 region around (l,b) = (25.◦0,0.◦0)
(hereafter the G25 region). The region was studied by Lande
et al. (2012) based on two years of LAT data. They found
an extended source which is spatially coincident with the
TeV source HESS J1837−069. In this paper we re-analyze
this complex region using 57 months of LAT data. There is
no known large (∼ 1◦) SFR associated with the G25 region.
However, in this direction, Rahman & Murray (2010) recently
found copious 8µm emission within a region of the bright-
est free-free emission reported by Murray & Rahman (2010).
They claim that the emission is due to a star-forming complex
with diameter . 1◦, which is created by hidden massive OB
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association(s). The putative OB association might be diffi-
cult to detect optically due to heavy extinction, if it is distant
from us. In this paper, we investigate the G25 region using
X-ray and radio data to check whether a massive SFR exists.
An optically hidden massive OB association is expected to be
detectable in X-rays, because of the reduced extinction com-
pared to that in the optical. Here we analyze in particular an
unidentified X-ray source AX J1836.3−0647 located in this
region (Sugizaki et al. 2001) using XMM-Newton data.
This paper is organized as follows. The observation and
the analysis of the LAT sources in the G25 region is reported
in Section 2. We describe the XMM-Newton observations and
analysis of AX J1836.3−0647 in Section 3. In Section 4, we
discuss the origin of the observed γ-ray and X-ray emissions.
Based on the discussion, we investigate possible acceleration
mechanisms for the radiating particles. In Section 5, we sum-
marize our results and the outlook for advances with future
observations.
2. FERMI-LAT DATA
2.1. Observation and Data Reduction
The Fermi Gamma-ray Space Telescope was launched on
2008 June 11. The LAT onboard Fermi is a pair-conversion
telescope equipped with solid state silicon trackers and a ce-
sium iodide calorimeter, sensitive to photons in the very broad
energy band from ∼ 20 MeV to > 300 GeV. The LAT has
a large effective area (∼ 8000 cm2 above 1 GeV for on-axis
events), instantaneously viewing ' 2.4 sr of the sky with a
good angular resolution (per-photon 68% containment radius
better than∼ 1◦ above 1 GeV). Details of the LAT instrument
and data reduction are described in Atwood et al. (2009).
The LAT data used here were collected during∼ 57 months
from 2008 August 4 to 2013 May 1. We selected Pass 7
Reprocessed SOURCE class events and γ rays with Earth
zenith angles greater than 100◦ were excluded to reduce the
γ-ray background from the Earth limb, an intense source
of γ rays from cosmic-ray collisions with the upper atmo-
sphere. We also applied a cut that excludes time intervals
during which any part of the region we analyzed (see Sec-
tion 2.2) was beyond the 100◦ zenith angle limit. We used the
P7REP_SOURCE_V15 instrument response functions for
the analysis (Ackermann et al. 2012). Note that we made a ba-
sic confirming check for the sources analyzed in this paper us-
ing the Pass 8 data with the surrounding sources in the 3FGL
catalog (Acero et al. 2015). The results do not show strong
quantitative differences from those in the following analyses.
2.2. Analysis and Results
The G25 region contains four sources in the Fermi-
LAT Second Source Catalog (2FGL; Nolan et al. (2012)):
2FGL J1835.5−0649, J1836.8−0623c, J1837.3−0700c, and
J1834.7−0705c. Using the first two years of LAT data, Lande
et al. (2012) find an extended γ-ray source in this region. The
authors claim that two of the 2FGL sources are not distinct
sources but an approximation for the extended source, and the
other two 2FGL sources are unrelated background sources.
They also find that the extended TeV source HESS J1837−069
is coincident with the LAT extended source. However the
LAT flux is about two times higher than what is expected
from the TeV observation. In addition, the LAT source is
about two times larger than the H.E.S.S. source, with a dif-
ferent shape, and the peak emission of the H.E.S.S. source
is located on the edge of the LAT source reported by Lande
et al. (2012). This may indicate that other γ-ray sources con-
taminate the reported extended source in the LAT band. The
First Fermi-LAT Catalog above 10 GeV (1FHL; Ackermann
et al. (2013)), based on the first three years of data, reveals
another new source (1FHL J1839.4−0708) located south of
the extended source. This region also includes two other
1FHL sources, J1834.6−0703 and J1836.5−0655e, which cor-
respond to 2FGL J1834.7−0705c and the extended source
mentioned above, respectively. The detection of the new
source in 1FHL is consistent with the suggestion of other γ-
ray sources in this region. In this section we re-analyze this
complex region using 57 months of LAT data, which is more
than double the observation time considered by Lande et al.
(2012).
To characterize the γ-ray sources in the region, we use gt-
like, part of the Science Tools analysis package (v9r32p5)4,
and pointlike (Kerr 2011; Lande et al. 2012). With gtlike and
pointlike, we perform binned maximum likelihood fits on the
observed γ rays to optimize parameters of an input model tak-
ing into account the energy dependence of the point-spread
function (PSF). We first evaluate the spatial extent of the G25
region by using pointlike; the pointlike algorithm is opti-
mized for speed to handle a large number of sources. With the
obtained spatial extent, we measure spectral energy distribu-
tions (SEDs) of the region by using gtlike. In this analysis, the
test statistic (TS) is defined as −2∆ ln(likelihood) between a
model including a test source or parameter and a model with-
out that source or parameter (the null hypothesis). For each
model the likelihood is maximized over the free parameters
before TS is evaluated. The significance of the improvement
of the maximum likelihood with the additional source or pa-
rameter can be evaluated from the TS value, because the value
is expected to approximately follow the χ2 distribution with
additional degrees of freedom (Mattox et al. 1996) in the case
that the null hypothesis is a complete description of the region
under study.
For the spatial analysis, we select a 9◦× 9◦ region around
G25, and we include only energies above 3 GeV, because the
LAT has better angular resolution at higher energies (68%
containment radius better than ∼ 0.◦3 above 3 GeV). In ad-
dition the spatial confusion between the G25 source and the
Galactic diffuse component is reduced at higher energies,
since the flux ratio of G25 to the Galactic diffuse emission in-
creases with energy. We use 0.◦05 spatial bins and divide the
3–500 GeV energy range into 17 bins evenly on a log scale.
In the spectral analysis, we use a larger region, 21◦ × 21◦,
around G25 in the energy range 0.2–500 GeV, given the rela-
tively large LAT PSF at lower energies. The size of the spatial
bins is set at 0.◦05; the energy range is divided into 26 equal
bins on a log scale.
The input model for the likelihood analysis includes cata-
loged sources in the G25 region, nearby sources outside the
region, a model for the Galactic diffuse emission, and an
isotropic component. A ∼ 2◦ square region in the vicinity
of G25 (hereafter the G27 region; see Figure 1) appears to
contain extended sources rather than a combination of 2FGL
point sources. To perform precise measurements of G25, we
also evaluate spatial and energy distributions of this nearby
background region. For the analysis we set positions and
spectral parameters of the other background sources equal to
those in the 2FGL catalog except for 2FGL J1834.3−0848
4 Available at the Fermi Science Support Center,
http://fermi.gsfc.nasa.gov/ssc
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FIG. 1.— Left: Fermi-LAT counts map above 3 GeV around the G25 region (in units of counts per pixel). The pixel size is 0.◦025. Smoothing
with a Gaussian kernel of σ = 0.◦15 is applied. The G25 and G27 regions are represented by white and cyan boxes, respectively. Green crosses
and the magenta X represent positions of the 2FGL and the 2PC sources respectively. W41 is also shown with the position and the size of the
corresponding source in our model (see text). Middle: background model map, which contains contributions from the Galactic diffuse emission
and isotropic diffuse background. Green boxes represent the regions used for the evaluation of the accuracy of the Galactic diffuse model.
Right: background-subtracted count map.
and LAT pulsars (PSRs) described in the LAT Second Pul-
sar (2PC) Catalog (Abdo et al. 2013). 2FGL J1834.3−0848,
which is associated with SNR W41, was recently reported to
be spatially extended (Castro et al. 2013; H. E. S. S. Collab-
oration et al. 2015). After H. E. S. S. Collaboration et al.
(2015), we model its spectrum as a power law and its spa-
tial distribution as a symmetrical 2D Gaussian centered at
(l,b) = (23.◦22,−0.◦31) with σ = 0.◦15. When LAT PSRs are
associated with 2FGL sources, we adopt positions and spec-
tral functions described in the 2PC catalog instead of the
2FGL catalog. Here 2FGL J1813.4−1246, J1826.1−1256,
J1833.6−1032, and J1839.0−0539 are replaced by LAT PSRs
J1813−1246, J1826−1256, J1833−1034, and J1838−0537 re-
spectively. We include LAT PSR J1835−1106, which has
no counterpart in the 2FGL catalog, in the model. Figure 1
shows that a point-like source (source N) is located ∼ 3◦ off
the Galactic plane. Since there is no corresponding source in
the 2FGL catalog, source N is also added into the model. Note
that there is a corresponding source (3FGL J1824.3-0620) in
the 3FGL catalog. Source N is modeled as a point source lo-
cated at (l,b) = (24.◦18,3.◦09). The spectral shape is mod-
eled with a simple power law with an exponentially cut-off
function. The Galactic diffuse emission is modeled using
gll_iem_v05.fit while an isotropic component (extragalactic
diffuse backgrounds plus residual charged particles) is mod-
eled using iso_iem_v05.txt. Both background models are the
standard diffuse emission models released by the LAT Collab-
oration5
In all analyses, the normalizations of the diffuse compo-
nents are set free unless otherwise mentioned. In the> 3 GeV
5 Available from the Fermi Science Support Center,
http://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html. We
note that an analysis using gll_iem_v05_rev.fit instead of gll_iem_v05.fit
does not significantly affect spectral parameters obtained in this analysis.
The former includes diffuse emission from molecular gas beyond the solar
circle that was omitted from the latter. At the low longitudes of the present
analysis, the differences between the two models are unimportant.
analysis, we set the normalizations free for sources within the
fitting region. We also set the spectral parameters free for
the sources of > 1×10−9 photon cm−2 s−1 in the energy range
of 3–100 GeV in the 2FGL catalog. In the > 0.2 GeV anal-
ysis, because of the large fitting region, there are many fit-
ting parameters. To reduce free parameters, we first set the
normalizations free for sources of > 2×10−8 photon cm−2 s−1
in the energy range of 0.3–100 GeV within the fitting re-
gion. Spectral parameters of the sources with the fluxes
> 1× 10−7 photon cm−2 s−1 are also set free. Note that we
use the > 0.3 GeV fluxes from 2FGL because the catalog
does not provide the fluxes of > 0.2 GeV. We fit the data us-
ing this model and then use the parameters from this first fit
for the > 0.2 GeV analysis. In the subsequent analysis, we
determine the freedom of the spectral parameters based on
the fitting fluxes in the energy range of 0.2–500 GeV (flux0.2)
and the angular distance from the center of the fitting region
(r): we set the normalizations free for the sources with flux0.2
> 4×10−8 photon cm−2 s−1 in the 5◦ < r ≤ 10◦ region; in the
r ≤ 5◦ region, we set the normalization free for the sources
with flux0.2 > 2× 10−8 photon cm−2 s−1 and set the normal-
izations and spectral shapes free for the sources with flux0.2
> 4× 10−8 photon cm−2 s−1. We also include sources outside
the fitting regions but within 15◦ and 6◦ for the analyses above
0.2 GeV and 3 GeV respectively, with their parameters fixed
at those given in the 2FGL and 2PC catalogs.
2.2.1. Analysis Procedure
Here we describe how we evaluate the spatial and energy
distributions of G25 as well as of nearby background region
G27. Modeling G27 is necessary for precise measurements
of G25. The G27 region contains three 2FGL sources (2FGL
J1839.3−0558c, J1840.3−0413c, and J1841.2−0459c) and a
bright identified source, LAT PSR J1838−0537.
In the first step, we construct an input model using these
sources (hereafter “model1"). We fit data above 3 GeV with
4 J. Katsuta et al.
the model1 by using gtlike. Figure 1 shows a smoothed
count map of a 10◦×10◦ region around G25 above 3 GeV, a
corresponding background model map, and the background-
subtracted counts map. The background map includes con-
tributions from the modeled point sources, Galactic diffuse
emission and isotropic diffuse background whose normaliza-
tions are set at the best-fit values obtained by the fit. The γ-ray
excesses associated with the G25 and G27 regions are clearly
visible in the background-subtracted map.
Figure 1 might suggest that the γ-ray emissions of G25
and G27 are extended rather than a combination of 2FGL
sources. If the sources are extended, additional point sources
(not in 2FGL) are expected to be needed to approximately
model the observed γ-ray emission with a combination of
point sources, given that the accumulated time of this dataset
(about 57 months) is more than twice as long as that for the
2FGL catalog. To evaluate in detail the spatial distributions
of these regions with this dataset, we added multiple point
sources to explain the observed γ-ray emission instead of the
2FGL sources within the regions.
We focus first on G25, because the sum of TS values of
the 2FGL sources within the G25 region is larger than that
of the G27 region. To determine positions of the multiple
point sources, we generate a TS map6 of G25 using data above
3 GeV. The input model for the first TS map is constructed by
removing the four 2FGL sources within the G25 region from
model1. In the TS map, TS at each grid position is calculated
by placing a point source with a power-law energy distribu-
tion with photon index set free. Based on the TS map ob-
tained we modify the input model by adding a point source
at a grid position whose TS is the largest in the TS map and
then re-evaluate the TS map. We iteratively add point sources
into the modified model until the peak value of the TS in the
map is less than 25 (∼ 4σ). After the procedure, we obtain
a model with the newly-detected point sources in G25. Next,
based on the obtained model, we iteratively add point sources
to the G27 region by the same procedure as for G25. We ex-
clude from the model the three 2FGL sources within the G27
region. This modified model is used as an input model for
the TS map of G27. Note that LAT PSR J1838−0537 in the
G27 region is not removed. Since the G25 and G27 regions
are spatially close, positions of the multiple sources for each
region might affect each other. To minimize the effect, we
relocalize the position of each source of G25 in descending
order of TS by using pointlike. Then we repeat the same pro-
cedure for the sources in G27. Note that the re-localizations
do not significantly change the results. Finally we obtain a
model with the newly detected point sources in the G25 and
G27 regions (“model2"; see also Table 1).
Tables 1 and 2 list the eight and six point sources that are
needed to adequately model the γ-ray emission from the ∼
1.◦5 square regions of G25 and G27, respectively (see also
the left panels of Figures 2 and 23). Note that the number of
point sources has doubled from 2FGL. The high density of
point sources suggests possible extension of the observed γ-
ray emission. To check whether these sources are real point
sources or an approximation of extended sources, we evaluate
models with extended γ-ray emission associated with the two
regions. The method is described in detail in Section 2.2.2
and Appendix A.
6 A TS map is constructed by stepping a trial point source through a grid of
positions, maximizing the likelihood and evaluating the likelihood test statis-
tic of the trial source at each position.
TABLE 1
MULTIPLE POINT-SOURCE
MODEL FOR G25
Point Position TS
source (l, b)
p1 (24.◦83, 0.◦52) 121
p2 (24.◦55, 0.◦60) 83
p3 (25.◦15, -0.◦09) 79
p4 (25.◦50, -0.◦30) 55
p5 (25.◦11, 0.◦47) 48
p6 (24.◦83, -0.◦05) 44
p7 (25.◦16, -0.◦41) 29
p8 (25.◦11, -0.◦80) 27
NOTE. — Positions of the
sources are illustrated in Figure 2.
TABLE 2
MULTIPLE POINT-SOURCE
MODEL FOR G27
Point Position TS
source (l, b)
q1 (26.◦32, -0.◦02) 283
q2 (27.◦34, -0.◦01) 64
q3 (26.◦96, -0.◦09) 56
q4 (27.◦18, -0.◦39) 47
q5 (25.◦95, 0.◦18) 41
q6 (27.◦87, 0.◦60) 28
NOTE. — Positions of the
sources are illustrated in Figure 23.
Finally, using the obtained spatial distributions, we measure
spectral energy distributions (SEDs) for each source within
the regions in the 0.2–500 GeV energy range. We also check
the significance of a possible steepening of the SEDs. To do
this, we perform likelihood-ratio tests between a power-law
function (the null hypothesis), and either an exponentially cut-
off power-law or a smoothly broken power-law function (the
alternative hypotheses). The exponentially cut-off power-law
function is described as
dN
dE
= N0
(
E
E0
)−Γ
exp
(
−
E
Ecut
)
, (1)
where E0 is 1 GeV. The photon index Γ, cutoff energy
Ecut, and normalization factor N0 are free parameters. The
smoothly broken power-law function is described as
dN
dE
= N0
(
E
E0
)−Γ1(
1+
(
E
Ebr
)Γ2−Γ1)−1
, (2)
where E0 is 1 GeV. The photon indices Γ1 below the break,
Γ2 above the break, break energy Ebr, and normalization
factor N0 are free parameters. The resulting test statistic
TSCut = −2ln(LPL/LCut) and TSBPL = −2ln(LPL/LBPL) provide
information on the curvature of the SEDs. The results are de-
scribed in detail in Section 2.2.3 and Appendix A.
2.2.2. Spatial Distribution
As described in Section 2.2.1, eight point sources are
needed if the observed γ-ray emission of G25 should be
explained only by point sources. We modify model2 (see
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FIG. 2.— Left: Fermi-LAT background-subtracted map of the G25 region above 3 GeV (in units of counts per pixel). The pixel size is 0.◦025.
Smoothing with a Gaussian kernel of σ = 0.◦15 is applied. Green stars represent the point sources described in Table 1. Green crosses and
the magenta X represent positions of the 2FGL and 1FHL sources respectively. The magenta circle shows an extended source 1FHL J1836.5-
0655e, which is based on the results of Lande et al. (2012). Middle: same map as the left panel. The white ellipses delineate the G25A and
G25B regions. Green circles and lines divide each region into three cells (see text). The point source G25C is represented by the white star.
Right: same map as the left panel. The white dotted ellipse represents the spatial distribution obtained by fitting the γ rays of G25A and G25B
with one elliptical shape (see text). The black circle and the white star represent G25B2 and G25C respectively. HESS J1837−069 and its
corresponding TeV image are displayed by the black ellipse and the cyan contours (Aharonian et al. 2006). The contour levels are 15, 30, 45,
and 60 counts per pixel, where the pixel size is 0 .◦005. The magenta box and circle represent the field of view and target region of our X-ray
analysis respectively (see Section 3 for details). The purple dashed and solid ellipses represent sizes of a candidate PWN G24.7+0.6 based on
Reich et al. (1984) and (Helfand et al. 2006) respectively. The simulated point source is shown in the inset (see text).
Section 2.2.1) and construct a new model (“model3") where
we replace the sources in G27 by a spatial distribution es-
timated in Appendix A. The left panel in Figure 2 shows a
background-subtracted map of G25 using the best-fit values
of model3. Here the subtracted background model contains
background sources outside the G25 region in addition to the
contributions from the Galactic diffuse emission and isotropic
diffuse background. In the inset of the right panel, we show
a point source simulated using a power-law of photon index
2.1, a typical spectral shape for sources in this region (see
Table 5). The high concentration of the point sources in the
region rather might be explained by one or more extended
sources.
To check for possible extension of the observed γ-ray emis-
sion, we perform the following steps: (i) we adopt model3
as an input model and select the point source of the highest
TS among the eight (i.e., p1 in Table 1). (ii) we change the
spatial distribution of the source from a point to an ellipti-
cal shape and fit the spatial parameters with pointlike. The
spectral shape is not changed: a power-law function with its
parameters free. In the case that the TS of any of the other
point sources decreases to less than 25 as a result, we re-
move them and refit the spatial shape of the target source.
(iii) we evaluate the significance of the spatial extension based
on TSext = −2ln(Lpsc/Lell) (Lande et al. 2012). If the value
is larger than 14 (∼ 3σ for three degrees of freedom; Mat-
tox et al. (1996)), we adopt the resulting elliptical shape. In
this case, we re-optimize the positions of the remaining point
sources in descending order of TS by using pointlike, since
a change of the spatial shape might affect the other sources.
If TSext < 14, we keep the source as a point source in the
model. (iv) we continue to the source of the next highest TS
among the remaining sources, and then repeat (ii)–(iv) until
the source of the lowest TS is evaluated.
Here we describe details of the application of each step in
the procedure. We first fit p1 using an elliptical shape. The
resulting elliptical size is so large (∼ 1◦) that the ellipse in-
cludes sources p2 and p5. Because the TS of the two sources
decreases to less than 25, we remove both and refit the el-
liptical shape. This source is named “G25A" as shown in Ta-
ble 3. In Table 3, G25A has TSext of 158, which means that the
source is significantly (> 5σ) extended. This is not surprising
given that the G25A region is explained by three point sources
(p1, p2, and p5) in model3. We compare the likelihood of
the model of the elliptical shape (G25A) and that of the three
point sources. The resulting value is −2ln(L3psc/LG25A) = 76.
We note that this does not necessarily mean that the ellipti-
cal shape explains the observed γ-ray emission better than the
three point sources because the two models are not nested.
Here we adopt the elliptical shape, given that it has higher
likelihood even though it has 5 fewer degrees of freedom.
Next, we select source p3 and fit it using an elliptical shape;
p2 was already removed in the previous procedure. Table 3
shows that the resulting elliptical shape “G25B" includes four
point sources (p3, p4, p6, and p7) in the model3 (TSext of
126). Since the resulting TS of each of those point sources is
less than 25, we remove them and refit the elliptical shape as
in the procedure of p1. We also compare likelihood between
models with the G25B region and the four point sources. The
resulting value is −2ln(L4psc/LG25B) = 14. Here we adopt the
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FIG. 3.— SED of the G25A region measured by the Fermi LAT. The
arrows represent the 95% confidence level upper limits. Upper lim-
its are calculated for energy bins with TS < 4. The statistical errors
(1σ) are indicated by the black error bars, while the total systematic
errors (method 1; see text) are indicated by the magenta error bars.
The magenta points and arrows represent upper limits taking the sys-
tematic errors into consideration. SEDs of G25A1, A2, and A3 are
also presented as red, blue, and green points with their statistical er-
rors (1σ) respectively. Note that the points and arrows are slightly
off-set to clearly show the spectra. The gray dashed line represents
the Galactic diffuse emission from the G25A region, which is es-
timated by using the best-fit scaling of the Galactic diffuse model.
model with the ellipse, given that it has higher likelihood even
though it has 9 fewer degrees of freedom. The remaining
point source is only p8. We fit p8 using an elliptical shape
and find a TSext of 7, which means that this source is not sig-
nificantly extended. We keep this source a point source and
rename it “G25C". Finally we obtain “model4 where we re-
place the point sources of G25 in model3 for G25A, B, and
C.
Figure 2 (middle) and Table 3 show the resulting spatial
distributions and the corresponding parameters respectively.
Since the extended sources G25A and G25B are spatially
close, we check whether one elliptical template is enough to
explain γ rays from the two sources. We fit its spatial ex-
tent and spectral index. The resulting spatial shape is shown
in Figure 2 (right). Here we perform a likelihood ratio test
by setting this model (one ellipse) as the null hypothesis and
the model of two ellipses (G25A and G25B) as the alternative
hypothesis. The improvement of TS is 31, which corresponds
to significance of 4.0σ given that the alternative hypothesis
has seven more free parameters (Mattox et al. 1996; Lande
et al. 2012). Note that the model with the two ellipses can
take an independent spectral shape for each region, while the
model with the one ellipse can take only one spectral shape.
The better likelihood might result from such a difference of
spectral shapes rather than because of the difference of spatial
shapes. Actually, as we show in Section 2.2.3, a part of the
G25B region (G25B1) has a much harder spectrum than the
other regions. To check this possibility, we add the G25B1
template into the two models and re-fit them. If the above
likelihood difference is mainly caused by the spectral discrep-
ancy, the likelihood values of the two models will be similar.
The spectral shape of G25B1 is also assumed to be a simple
power law. We find that the improvement of TS between the
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FIG. 4.— SED of the G25B region measured by the Fermi LAT. The
black and magenta SEDs have the same meaning as Figure 3. SEDs
of G25B1, B2, and B3 are presented as red, blue, and green points
with their statistical errors (1σ) respectively. The gray dashed line
represents the Galactic diffuse emission from the G25B region.
two models is almost the same (TS = 27) as the models with-
out G25B1. In addition, we test a model with a template of
the HESS J1837−069 region (see Figure 2) instead of G25B1.
The resulting likelihood does not change, which indicates that
the resulting TS is not sensitive to the spatial shape of the
added template.
2.2.3. Spectrum and Temporal Variability
Figures 3, 4, and 5 show spectra of the sources in G25
(G25A, B, and C). The SEDs are obtained by dividing the
0.2–500 GeV energy band into eleven, eleven, and eight log-
arithmically spaced energy bins respectively. All the sources
are fitted with a simple power-law function in each energy bin
with the photon index fixed at the value obtained from the
broad-band fitting over the 0.2–500 GeV energy range (see
below). Since the LAT has better angular resolution at higher
energy (Section 2.1), we divide the G25A and G25B regions,
which are relatively large (& 1◦) into three sections and evalu-
ate the SED above 3 GeV for each section (see Figure 2). The
regions are divided to meet the condition that each section
contains a bright peak and has TS > 25. The spectral shapes
are fitted with a power-law function. The resulting TS val-
ues for G25A1, A2, and A3 are 71, 130, and 52 respectively,
while those of G25B1, B2, B3, and C are 66, 61, 54 and 27 re-
spectively. The resulting spectral parameters are summarized
in Table 5.
Figure 3 suggests that the spectral shape of G25A is a
simple power law in the 0.2–500 GeV band. Quantita-
tively, the test for spectral curvature shows that TSCut = 0
and TSBPL = 0, which means that no significant curvature
is present. For the power-law model the photon index is
Γ= 2.14±0.02 and the integrated 0.2–500 GeV flux is (1.13±
0.05)× 10−7 photon cm−2 s−1. Figure 4 shows clearly that the
region G25B has a hard energy spectrum above ∼ 10GeV.
This hard spectrum mainly comes from the region G25B1 (see
Table 5). Therefore we separately measure SEDs of G25B1
and the other regions: G25B2 plus G25B3 (hereafter G25B′).
We fit an SED of G25B1 using > 3GeV data; in this energy
range the LAT has the best angular resolution and so contam-
ination from the Galactic diffuse emission component and the
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TABLE 3
SPATIAL DISTRIBUTIONS OF THE SOURCES IN G25
Name Spatial Center position Positional Semi major Semi minor Angleb TSext TS Sources
model (l, b) errora axis (deg) axis (deg) (deg) in Table 1
G25A ellipse (24.◦99, 0.◦48) 0.◦02 0.72±0.03 0.28±0.02 15±2 158 412 p1, p2, p5
G25B ellipse (25.◦15, -0.22) 0.◦02 0.67±0.05 0.27±0.02 17±5 126 283 p3, p4, p6, p7
G25C point (25.◦11, -0.◦80) 0.◦04 – – – 7 27 p8
a The positional error of the center position at 68% confidence level
b Measured counter-clockwise from the Galactic longitude axis to the major axis.
TABLE 4
PARAMETERS OF THE SUB-REGIONS IN G25 ABOVE 0.2 GEV
Name Parameter Value Stat. error Sys. error a Sys. error b
method 1 method 2
G25A Flux c 1.13 ±0.05 ±0.23 ±0.17 ±0.05
Photon Index 2.14 ±0.02 -0.04/+0.05 ±0.07 ±0.02
G25B′ Flux c 0.60 ±0.06 -0.24/+0.22 ±0.31 ±0.03
Photon Index 2.11 ±0.04 -0.06/+0.13 ±0.05 ±0.02
a Propagated uncertainties of the Galactic diffuse model. See text for details.
b Propagated uncertainties of the LAT effective area. See text for details.
c The flux is integrated over 0.2–500 GeV in units of 10−7 ph cm−2 s−1.
TABLE 5
PARAMETERS OF THE SUB-REGIONS OF G25 ABOVE 3 GEV
Name Parameter Value Stat. error Sys. error a Sys. error b
method 1 method 2
G25A1 Flux c 1.5 ±0.3 -0.02/+0.01 ±0.03 -0.07/+0.09
Photon Index 2.08 ±0.16 -0.002/+0.004 ±0.02 ±0.02
G25A2 Flux c 2.0 ±0.3 ±0.2 ±0.2 ±0.1
Photon Index 2.03 ±0.12 ±0.03 ±0.04 -0.03/+0.02
G25A3 Flux c 1.6 ±0.3 ±0.18 ±0.3 -0.08/+0.09
Photon Index 2.12 ±0.17 ±0.04 ±0.03 ±0.02
G25B1 Flux c 1.0 ±0.2 ±0.001 ±0.05 ±0.06
Photon Index 1.53 ±0.15 ±0.01 ±0.05 ±0.02
G25B2 Flux c 1.5 ±0.3 ±0.2 ±0.3 ±0.08
Photon Index 2.06 ±0.18 ±0.05 ±0.05 ±0.02
G25B3 Flux c 1.7 ±0.3 ±0.2 ±0.2 ±0.1
Photon Index 2.14 ±0.18 ±0.06 ±0.05 ±0.02
G25C Flux c 0.45 ±0.12 -0.03/+0.05 ±0.02 -0.02/+0.04
Photon Index 2.1 ±0.3 -0.02/+0.05 ±0.02 -0.01/+0.04
a Propagated uncertainties of the Galactic diffuse model. See text for details.
b Propagated uncertainties of the LAT effective area. See text for details.
c The flux is integrated over 3–500 GeV in units of 10−9 ph cm−2 s−1.
other sources is expected to be reduced relative to lower en-
ergies. The restricted energy range is sufficient for measuring
the SED of G25B1 because of insignificant fluxes at lower
energy due to the hard spectrum (see Figure 4). The spectral
fitting results are summarized in Table 5. We fit the spectrum
of G25B′ in the 0.2–500 GeV band with the SED of G25B1
fixed at the above values. We find no significant curvature
in the spectrum (TSCut = 0 and TSBPL = 0). The photon in-
dex is Γ = 2.11±0.04 and the integrated 0.2–500 GeV flux is
(6.0± 0.6)× 10−8 photon cm−2 s−1. We fit the source G25C
using a simple power law. We do not find any significant
spectral curvature (TSCut = 1 and TSBPL = 4) due to the low
statistics. The photon index is Γ = 1.8±0.2 and the integrated
0.2–500 GeV flux is (2.8±1.8)×10−9 photon cm−2 s−1.
We also evaluate the systematic errors for the obtained
SEDs. The systematic errors in the spectral analysis are
mainly due to uncertainties associated with the model of
the underlying Galactic diffuse emission and uncertainties
of the effective area of the LAT. The uncertainties of the
Galactic diffuse emission are primarily due to imperfections
in the Galactic diffuse model and/or the contributions from
discrete sources not resolved from the diffuse background.
We evaluate the uncertainties of the Galactic diffuse emis-
sion by measuring the dispersion of the fractional residu-
als in ten regions near G25 as shown in Figure 1 (middle),
where the Galactic diffuse component dominates. The size
of each box is 0.◦5× 0.◦5. The fractional residuals, namely
(observed−model)/model, are calculated for each region us-
ing the energy range above 1 GeV data. We adopt as the
uncertainty of the Galactic diffuse model the second largest
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FIG. 5.— SED of the G25C source measured by the Fermi LAT. The
black and magenta SEDs have the same meaning as in Figure 3.
value among the ten residuals (90% containment). From the
results, the uncertainty of the model is evaluated as 4%. We
apply this uncertainty over the entire energy range of 0.2–
500 GeV. Systematic uncertainties of the effective area are
10% at 0.1 MeV, decreasing to 3% at 0.3 GeV, constant over
0.3–10 GeV, and increasing to 13% at 500 GeV (Sgro, C. on
behalf of the Fermi-LAT collaboration 2013). Total system-
atic errors are set by adding in quadrature the uncertainties
due to the Galactic diffuse model and the effective area; the
systematic errors are dominated by the uncertainties of the
Galactic diffuse model below 10 GeV and by the uncertainty
of the effective area above 100 GeV. We evaluate the system-
atic error due to the Galactic diffuse emission for the fitting
parameters in the energy range 0.2–500 GeV and 3–500 GeV
(see Table 4 and 5) using the above method (method 1). We
also evaluate the systematic error using alternative Galactic
diffuse models as in de Palma et al. (2013) (method 2). Eight
models were tested: the parameters allowed to vary among the
models are the radial distribution of the cosmic-ray sources
(SNR-like or pulsar-like), the size of the cosmic-ray halo
(4 kpc or 10 kpc) and the spin temperature of atomic hydro-
gen (150 K or optically thin). In this analysis, a single scaling
factor is allowed to vary for each alternative diffuse emission
model. The obtained systematic errors are marginally con-
sistent with the ones estimated by method 1 (see Figures 3, 4,
and 5). We also estimate the systematic error due to the effec-
tive area for the fitting parameters by calculating bracketing
instrument response functions as in Ackermann et al. (2012).
In most cases, the systematic errors due to uncertainties of the
effective area are not important compared to those due to the
Galactic diffuse model.
We also measure the SED of the region of HESS J1837-
069 above 3 GeV. Assuming that G25B is composed of the
H.E.S.S. source and the other source, we divide G25B into
an elliptical shape of the H.E.S.S. source (0.◦24× 0.◦10 in
size; see Figure 2) and the other region. Figure 6 shows
the resulting SEDs combined with the SED of the H.E.S.S.
source (Aharonian et al. 2006). The figure shows that the LAT
SED of HESS J1837-069 smoothly connects to the H.E.S.S.
data. The parameters obtained with the power-law model are
photon index Γ = 1.4± 0.2 and integrated 3–500 GeV flux
(4.3± 1.6)× 10−10 photon cm−2 s−1. The result is consistent
with what we obtained for G25B1 given that G25B1 con-
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FIG. 6.— SED of the HESS J1837−069 region measured by the
Fermi LAT (red points with statistical errors of 1σ). The arrows rep-
resent 95% confidence level upper limits. Upper limits are calculated
for energy bins with TS < 4. The TeV data of HESS J1837−069
(black diamond) are from Aharonian et al. (2006). Blue points rep-
resent the SED of the G25B region except for the HESS J1837−069
region (see text). The green line shows the inverse Compton model
for HESS J1837−069 (see Section 4.1.2 for details).
tains the region of HESS J1837-069 and is slightly larger than
HESS J1837-069. On the other hand, Figure 6 also shows that
the G25B region except for HESS J1837-069 has a hard spec-
tral tail above ∼ 10 GeV, while no clear hardening appears in
the SEDs of G25B2 and G25B3 (see Figure 4). This suggests
that the spatial region of the spectral hardness is larger than
HESS J1837-069, but is mostly concentrated in the G25B1 re-
gion with its diameter of 0.◦4. In addition, given that the hard
tail remains up to a few hundred GeV, HESS J1837−069 may
be larger than the previously reported size, even in the TeV
energy range.
To check for time variability in the 0.2–500 GeV range, we
divide the whole LAT observation period (about 57 months)
into 50, 30, and 4 bins for G25A, B, and C respectively. The
number of time bins is determined to meet the condition that
the sources in each time bin have TS & 4. In each time bin,
the fluxes of the sources are evaluated by performing a gtlike
fit with the Galactic diffuse and isotropic components fixed
to the best-fit values obtained for the whole time range in the
energy range 0.2–500 GeV. In addition, the photon indices of
all sources are fixed at the values obtained from the broad-
band fitting. We do not find any indication of variability for
any sources in the period spanned by the observations. We
also check the time variability of G25B1 in the 3–500 GeV
range by performing the same procedure as above and do not
find any indication for variability.
3. XMM-Newton DATA
3.1. Observations and Data Reduction
The AX J1836.3−0647 field, centered at (RA, Dec) =
(279.078, −6.787) (J2000), was observed with XMM-
Newton (Jansen et al. 2001) on 2007 September 18 for about
17 ks. The field is located between the γ-ray sources
G25A and G25B (see the right panel of Figure 2). Data
were acquired with the European Photon Imaging Camera
(EPIC), which consists of three cameras: MOS1, MOS2, and
pn (Strüder et al. 2001; Turner et al. 2001). The full-frame
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FIG. 7.— Left: combined MOS1+MOS2+pn count map of the AX J1836.3−0647 field in the 0.2–12 keV band. The magenta and the cyan circles represent the
regions of group (i) and (ii) in Table 6 respectively. The green dotted circle displays the background region. The green solid circles denote the event-extraction
regions for sources S1–S4. Note that the magenta circle is the same as that in the right panel of Figure 2. Right: close-up image of the left panel. The small
circles denote the event-extraction regions for sources M1–M4 (white) and sources P1, Q1–Q15, M1, M2 and N1 (green).
mode and the thick blocking filter were used for the obser-
vations. The raw data are processed following standard pro-
cedures with the Science Analysis System (SAS) software7
version 13.5.0: event files of pn and MOS are extracted and
cleaned with EPPROC and EMPROC respectively8. In addi-
tion, a count map of the X-ray data is created using EMOSAIC,
which combines MOS1, MOS2, and pn images. The spectral
analyses are performed with XSPEC (v12.8.1)9.
3.2. Analysis and Results
Figure 7 (left) clearly shows that multiple (∼ 30) point-like
sources are concentrated near the center of the field. Such
a high concentration strongly suggests that these sources are
collectively a stellar association/cluster. To study energy
spectra of these sources, we divide the sources into three
groups: (i) sources in the magenta circle and outside the cyan
circle; (ii) those in the cyan circle; (iii) those outside of both
circles (see Figure 7). Information about sources in groups
(i) and (ii) is summarized in Table 6. The source positions
and the values of HR3 we use are from the 3XMM-DR4 cat-
alog (XMM-Newton Survey Science Centre 2013). HR3 is
a hardness ratio, which is defined as (H-M)/(H+M), where
M and H are EPIC count rates in the ranges 1–2 keV and 2–
4.5 keV respectively (see the 3XMM-DR4 catalog for more
details). We do not analyze sources in group (iii), because
most of them must be foreground/background sources unre-
lated to the putative association/cluster. In group (ii), three
bright sources are analyzed; the others are too dim. We ex-
tract the events for each source in a circular region with ra-
dius displayed in Figure 7 (right). In the spectral analyses, the
7 http://xmm.esac.esa.int/sas/
8 http://xmm.esac.esa.int/sas/current/doc/epicproc/node3.html
9 https://heasarc.gsfc.nasa.gov/xanadu/xspec
TABLE 6
ANALYZED X-RAY SOURCES
ID 3XMM catalog RA Dec HR3
name (deg) (deg)
Group (i)
P1 J183619.0-064728 279.080 -6.791 −0.6±0.0
Q1 J183602.8-064358 279.012 -6.733 0.1±0.2
Q2 J183608.7-064339 279.036 -6.728 −0.0±0.2
Q3 J183612.8-064819 279.054 -6.806 0.1±0.2
Q4 J183613.5-064528 279.056 -6.758 −0.1±0.1
Q5 J183614.3-064714 279.060 -6.787 −0.4±0.1
Q6 J183617.0-064521 279.071 -6.756 −0.2±0.2
Q7 J183618.2-064623 279.076 -6.773 −0.1±0.1
Q8 J183621.6-064530 279.090 -6.759 −0.2±0.1
Q9 J183623.3-064639 279.097 -6.778 −0.2±0.1
Q10 J183624.6-064626 279.103 -6.774 0.1±0.2
Q11 J183625.6-064827 279.107 -6.808 0.1±0.2
Q12 J183628.7-065138 279.120 -6.861 −0.1±0.1
Q13 J183632.4-064759 279.135 -6.800 −0.2±0.1
Q14 J183643.9-064959 279.183 -6.833 −0.1±0.2
Q15 J183647.2-064556 279.197 -6.766 −0.1±0.2
R1 J183606.8-064433 279.029 -6.743 0.9±0.2
R2 J183612.2-064729 279.051 -6.792 0.9±0.2
R3 J183621.1-064600 279.088 -6.767 0.7±0.2
R4 J183635.0-064340 279.146 -6.728 0.9±0.1
S1 J183615.2-064431 279.064 -6.742 −0.6±0.2
S2 J183616.5-064444 279.069 -6.746 −0.9±0.2
S3 J183619.3-064627 279.081 -6.774 −0.8±0.1
S4 J183645.0-064900 279.188 -6.817 −0.8±0.3
Group (ii)
M1 J183616.3-064312 279.068 -6.720 0.4±0.1
M2 J183616.7-064330 279.070 -6.725 0.0±0.1
N1 J183620.1-063904 279.084 -6.651 −0.2±0.1
background region is selected from blank sky within the field
of view as shown in Figure 7 (left).
The brightest X-ray source (0.5–12 keV) in this region is
10 J. Katsuta et al.
1 2 5
10-3
10-2
C
o
u
n
ts
 s
−1
 k
e
V
−1
1 2 5
Energy (keV)
−2
−1
0
1
2
χ
FIG. 8.— EPIC spectra of source P1 (black: pn; red: MOS1; green:
MOS2). The best-fit 2T model with abundance of 1.0 (Table 8) is imposed.
The bottom panel shows the distribution of χ, which is defined as (observa-
tion - model)/(statistical error) at each energy point.
P1, and, as shown in Figure 8, clearly displays thermal fea-
tures. We fit the spectrum with an absorbed thermal model
of wabs*apec (1T model) using XSPEC (the abundances of
Anders & Grevesse 1989, are used). The resulting parame-
ters are tabulated in Table 7. In the fit, we fix the abundances
at 0.2 and 1, both of which can explain the observed data.
Since the X-ray image suggests the central sources are mem-
bers of a stellar association, we also fit the observed spec-
trum with a typical spectral model for such sources. Here
we adopt an absorbed two-temperature thermal model of
wabs*(apec1 + apec2) (2T model). Typical temperatures
are 0.1keV . kT1 . 1keV and 1keV . kT2 . 5keV (e.g.,
Nazé 2009; Townsley et al. 2011). In the fit, the normalization
of the second component is fixed at 20% of the first compo-
nent because of low statistics. The ratio of the normalizations
is chosen to be a typical value for O stars (Nazé 2009). Note
that the ratio does not strongly influence the resulting param-
eters (the column density and temperatures change by . 10%
when changing the ratio from 10 to 30%). Table 8 shows that
both the 1T and 2T models can explain the data. Both models
are dominated by the low-temperature (< 1 keV) component
and the obtained NH is almost the same for both models.
Sources Q1–Q15 are relatively dim in the 0.5–12 keV
range. Most have similar HR3 values around 0 as shown in
Table 6, suggesting they have similar spectral shapes. Given
this and their proximities (see Figure 9), we combine the
15 sources to study their general energy spectrum (hereafter
Qsum). First we fit the spectrum with an absorbed power-law
function of wabs*pow (PL model). The resulting parameters
are tabulated in Table 9. We also fit the spectrum with 1T
and 2T models (see Table 7 and 8). In the fit, we fix the abun-
dance and the ratio of the normalization in the same manner as
Source P1. All models can explain the observed events. The
obtained NH is different between the 1T and 2T models, be-
cause the temperature of the 1T model is very high (∼ 6 keV)
while the low-temperature component is dominant in the 2T
model.
Here we evaluate a range of NH values for the 2T model
with a solar abundance. We fix the value of NH and then fit
the 2T model; we re-fit for different values of NH to find the
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FIG. 9.— Same spectra as Figure 8 but for Qsum.
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FIG. 10.— EPIC spectra of Rsum (black: pn; red: MOS1; green: MOS2).
The best-fit 1T model with abundance of 1.0 (Table 7) is imposed.
value where the resulting null hypothesis probability is 5%.
This enables us to evaluate a range of NH where the null hy-
pothesis probability is > 5%. The resulting range of NH is
(1.0–1.4)× 1022 cm−2 and (0.5–1.8)× 1022 cm−2 for P1 and
Qsum respectively. Note that NH of Qsum can be less if kT1
is allowed to be very low (< 0.1 keV). When NH is set at
& 1.0× 1022 cm−2, the resulting kT1 and kT2 are ∼ 0.3 keV
and 2–4 keV respectively, which are similar to those in Ta-
ble 8.
Sources R1–R4 are also relatively dim but their spectral
shapes must be different from Sources Q1–Q15 because of
their high values of HR3 (∼ 0.9; see Table 6). Therefore we
separately combine their events to study their general spectral
shape (hereafter Rsum). As expected, the resulting spectrum is
heavily obscured in the low-energy band (. 2 keV; see Fig-
ure 10). The spectrum is fitted with the 1T model with the
temperature fixed at 10 keV and the PL model with the photon
index fixed at 1.5, a typical value for non-thermal extragalac-
tic sources. We fix these parameters at reasonable values due
to low statistics of the data. In addition we do not apply the 2T
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TABLE 7
SPECTRAL PARAMETERS OF THE 1T MODELS
ID NH Abundance kT norm f obs0.5-8 keV f
unabs
2-8 keV χ
2
ν (d.o.f.)
(1022 cm−2) (solar) (keV) (10−4 cm−5) (10−13 erg cm−2 s−1) (10−13 erg cm−2 s−1)
P1 0.89±0.09 [0.2] 0.89±0.08 4.2±0.8 0.72±0.03 0.302±0.014 1.40 (27)
1.18±0.06 [1.0] 0.81±0.08 2.3±0.4 0.71±0.03 0.300±0.014 1.29 (27)
Qsum 0.40±0.06 [0.2] 5.9±1.4 3.7±0.3 3.93±0.15 3.11±0.12 0.94 (83)
0.36±0.05 [1.0] 6.8±1.1 3.0±0.2 4.23±0.16 3.41±0.13 1.04 (83)
Rsum 9.4±1.6 [0.2] [10.0] 2.8±0.4 1.51±0.12 2.8±0.2 1.38 (16)
8.5±1.4 [1.0] [10.0] 2.3±0.3 1.62±0.12 2.8±0.2 1.03 (16)
NOTE. — The parameters bracketed with [ ] are fixed in the fit. f obs0.5-8 keV and f
unabs
2-8 keV represent the observed and the absorption-corrected
fluxes in the energy bands 0.5–8 keV and 2–8 keV respectively.
TABLE 8
SPECTRAL PARAMETERS OF THE 2T MODELS
ID NH Abundance kT1 norm1 kT2 f obs0.5-8 keV f
unabs
2-8 keV χ
2
ν (d.o.f.)
(1022 cm−2) (solar) (keV) (10−3 cm−5) (keV) (10−13 erg cm−2 s−1) (10−13 erg cm−2 s−1)
P1 0.98±0.07 [0.2] 0.43±0.18 0.8±0.4 1.5±0.4 0.77±0.04 0.37±0.02 1.32 (26)
1.15±0.06 [1.0] 0.49±0.12 0.31±0.11 2.3±0.8 0.85±0.04 0.45±0.02 1.13 (26)
Qsum 1.11±0.08 [0.2] 0.39±0.07 2.0±0.3 6±2 3.98±0.15 3.37±0.13 0.95 (82)
1.38±0.08 [1.0] 0.29±0.03 1.9±0.2 4.0±0.7 3.94±0.15 3.54±0.14 1.08 (82)
Msum 2.4±0.3 [1.0] [0.29] 0.85±0.12 [4.0] 1.39±0.14 1.57±0.15 0.76 (5)
N1 1.52±0.11 [1.0] [0.29] 0.67±0.07 [4.0] 1.33±0.09 1.24±0.09 0.91 (23)
NOTE. — norm2 is set at 0.2× norm1 in the fit. The other notes are the same as in Table 7.
TABLE 9
SPECTRAL PARAMETERS OF THE PL MODELS
ID NH Γ norm f obs0.5-8 keV f
unabs
2-8 keV χ
2
ν (d.o.f.)
(1022 cm−2) (10−13 erg cm−2 s−1) (10−13 erg cm−2 s−1)
Qsum 0.51±0.07 1.90±0.13 (1.2±0.2)×10−4 3.94±0.15 3.14±0.12 0.92 (83)
Rsum 8.0±1.4 [1.5] (5.7±0.7)×10−5 1.52±0.12 2.6±0.2 1.33 (16)
NOTE. — The notes are the same as in Table 7.
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FIG. 11.— The pn spectra of Msum. Note that the spectra of MOS1 and
MOS2 are not analyzed because of low statistics. The best-fit 2T model with
the abundance of 1.0 (Table 8) is imposed.
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FIG. 12.— EPIC spectra of source N1 (black: pn; red: MOS1; green:
MOS2). The best-fit 2T model with the abundance of 1.0 (Table 8) is im-
posed.
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model because low-energy photons are too obscured to deter-
mine the low-temperature component. The resulting parame-
ters are tabulated in Table 7 and 9. Both models can explain
the data with high column densities NH of (8–9)×1022 cm−2.
Note that we do not analyze sources S1–S4, which have soft
spectral shapes (HR3 ∼ −0.8), because of the limited statis-
tics.
We also analyze sources in group (ii). Here we combine
events of M1 and M2 because of their proximity and low
statistics (hereafter Msum). Since we cannot analyze their de-
tailed spectra because of low statistics (see Figures 11 and 12),
we apply the 2T model fixed at the best-fitting spectral shape
of Qsum. Only NH and normalizations are set free in the fit.
The resulting parameters are displayed in Table 8. Note that
the results are only representative since higher statistics are
needed to determine the X-ray properties in detail.
4. DISCUSSION
4.1. Counterparts to the Gamma-ray Emissions
In our γ-ray analysis of Section 2.2, the G25 region is di-
vided into two extended regions (regions G25A and G25B)
and one point-like source (G25C). For each region/source, we
discuss what kind of astrophysical objects are responsible for
the observed γ rays based on the results of our analysis.
4.1.1. Region G25A
G25A is an elongated γ-ray emitting region (1.◦44×0.◦56;
see Table 3) on the Galactic plane. In Section 2.2.3, we di-
vided the region into three sections (G25A1, A2, and A3) and
analyzed them. Given their similar spectral shapes and prox-
imity, they probably originate from the same celestial object
(see Table 3 and Figure 2). The observed hard spectral shape
(Γ = 2.14) is different from the Galactic diffuse emission (see
Figure 3). We infer that the γ rays of G25A originate not from
the Galactic diffuse emission but from a discrete source.
Since PWNe and SNRs are the most prominent candidates
for extended γ-ray sources, we first investigate the possibility
that G25A is composed of such sources. To date, no PSR with
spin-down luminosity > 1× 1034 erg s−1 or PWN is known
in the G25A region. Although there is no established PWN,
the G25A region contains a candidate SNR G24.7+0.6 (right
panel in Figure 2). This source was found in the radio band
by Reich et al. (1984), who reported extended emission with
a size of 30′× 15′ and a polarized filled central core with a
hard spectrum (spectral index of α ∼ 0.2). They concluded
that the radio source is a candidate composite SNR whose
PWN is powered by an undetected PSR. Recent observations
at 20 cm with better angular resolution (Helfand et al. 2006)
confirm that there is a central source of ∼ 0.◦1 radius. On
the other hand, the brightness of the surrounding emission
is no brighter than the background emission (see Figure 13).
This suggests that the candidate PWN (G24.7+0.6) is the cen-
tral source. The previously-reported surrounding emission is
probably irrelevant to the candidate PWN; it may be diffuse
emission from the Galactic plane. No X-ray or TeV detection
has been reported from this region. If G24.7+0.6 is responsi-
ble for the γ rays, the γ-ray spatial size should be much larger
than that in the radio band and its spatial shape should be very
asymmetric. This suggests that the γ-ray emission of G25 is
unlikely to come from G24.7+0.6.
Next we consider the possibility that G25 is an unknown
PWN. In this case, the observed γ rays are expected to come
from the inverse Compton (IC) emission by relativistic elec-
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FIG. 13.— The 20 cm data for the PWN candidate G24.7+0.6 (see
text). The dashed ellipse indicates the size of G24.7+0.6 reported by
Reich et al. (1984), while the solid one is the size estimated from the
20 cm data. The ellipses are the same as those shown in purple in
Figure 2. The bright western sources are H II regions.
trons. As calculated in Section 2.2.3, the γ-ray spectrum is
represented by a power-law function with a photon index of
2.14 over three decades (0.2–500 GeV). To reproduce such
a spectral shape, a distribution of relativistic electrons is re-
quired to be dN/dp∝ p−s where p is momentum of the elec-
trons and s is about 3.0. The index s is much softer than a
typical value of 2.0 indicated by multi-wavelength observa-
tions of other PWNe. Given the absence of PWNe or ener-
getic PSRs in the regions, the γ rays of G25A are unlikely to
come from a PWN.
We do not find any evidence from multi-wavelength data
that SNR shells exist in this region. Molecular clouds are
also candidates for discrete extended γ-ray sources. If rel-
ativistic particles escape from nearby acceleration sites such
as SNRs, enhanced γ rays are expected from the molecular
clouds illuminated by the accelerated particles (e.g., Aharo-
nian & Atoyan 1996; Rodriguez Marrero et al. 2008). To
check this possibility, we examine whether molecular clouds
exist toward the G25A region. We use observations of the
13CO J = 1–0 line, which traces molecular clouds, from the
Galactic Ring Survey (GRS; Jackson et al. (2006)). Fig-
ures 14 and 15 show the maps for G25, where we integrate
them in 5 km s−1 steps from 5 to 125 km s−1. The figure indi-
cates no molecular cloud covering the entire region of G25A
at any distance. It is unlikely that the γ rays of G25A come
from molecular clouds.
There is another candidate for Galactic extended γ-ray
sources: SFRs. LAT observations revealed the extended γ-
ray emissions from the massive SFR Cygnus cocoon (MA11).
In Section 4.3, we will discuss in detail the possibility of an
SFR origin for the observed γ rays.
4.1.2. Region G25B
G25B is also an elongated γ-ray region (1.◦34× 0.◦54; see
Table 3) on the Galactic plane. We divided the region into
three sections (G25B1, B2, and B3) and analyzed them. As
for G25A, the γ rays of G25B1, B2, and B3 can be ascribed
to discrete sources. In addition, we found that G25B1 clearly
displays a hard spectral shape (Γ = 1.53±0.15), while the re-
gions G25B2 and B3 have softer spectra (Γ' 2.1±0.2). The
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FIG. 14.— Integrated 13COJ = 1–0 emission every 5 km s−1 from 5 – 65 km s−1. The green contours show the residual map of the LAT data
above 3 GeV in Figure 1.
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FIG. 15.— The same as Figure 14 except for velocity intervals every 5 km s−1 from 65 – 125 km s−1.
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consistency of spectral shapes and the proximity of G25B2
and B3 indicate that they probably originate from the same
celestial object (see Table 3 and Figure 2). In this section, we
first consider sources associated with G25B1 and then G25B2
and B3 (G25B′; see Section 2.2.3).
G25B1 is spatially coincident with HESS J1837−069 (see
Figure 2). The X-ray observation found PSR J1838-0655 em-
bedded in a PWN with an extent of 1.3′ at the edge of
HESS J1837−069 (Gotthelf & Halpern 2008). The H.E.S.S.
source is a TeV PWN powered by this PSR with a spin-
down luminosity of 5.5× 1036 erg s−1. The SED measured
by the LAT smoothly connects to that measured by H.E.S.S.,
which suggests that photons of the LAT and H.E.S.S. data
have the same origin (see Figures 4 and 6). G25B1 has a
photon index of about 1.5 (see Section 2.2.3), which is con-
sistent with the expected relativistic electron distribution of
PWNe: dN/dp ∝ p−2. G25B1 is most likely a PWN pow-
ered by PSR J1838−0655. The γ-ray luminosity of G25B1
is calculated to be (3.1 ± 0.8) × 1035 (d/6.6kpc)2 erg s−1
in 3–500 GeV. Here we adopt 6.6 kpc for the distance to
HESS J1837−069 following Gotthelf & Halpern (2008) who
assume that the source is associated with an adjacent massive
star cluster. The ratio of the γ-ray luminosity to a spin-down
luminosity of the PSR is about 3%. Combined with the TeV
luminosity, the ratio of the total γ-ray luminosity to the spin-
down energy is about 6%.
As stated in Section 2.2.3, the γ-ray size of the PWN prob-
ably ranges from 0.◦2 to 0.◦4, although it is difficult to de-
termine a precise size in the GeV band because of contam-
ination from the G25B2 and B3 regions. In addition, our
analysis indicates that the spatial size in the TeV range might
be larger than the previously-reported value (0.◦24× 0.◦10 in
size), as suggested by a preliminary report based on more
accumulated H.E.S.S. data (Marandon et al. 2008). To esti-
mate relativistic particles responsible for the γ rays, we con-
sider a leptonic model where the γ rays are from IC scat-
tering. We adopt the simple assumption that the spectral
distribution of the electrons has a cut-off power-law func-
tion: dN/dp ∝ p−s exp(−p/pcut). The target photon fields
for IC scattering are the CMB, infrared, and starlight pho-
tons adopted from the GALPROP code (Porter et al. 2008).
The temperature and energy density of the CMB, infrared,
and starlight photons are 2.3× 10−4 eV and 0.26 eV cm−3,
3.6× 10−3 eV and 1.2 eV cm−3, and 0.30 eV and 3.0 eV cm−3
respectively. We vary the normalization of the electron distri-
bution, index s, and a cut-off momentum pcut to reproduce
the observed γ-ray data. As shown in Figure 6, this sim-
ple model can explain the observed γ rays. Given the above
discussion, here we use the γ-ray morphology measured for
HESS J1837−069 in the LAT band. Note that the choice of
the LAT morphology does not significantly affect the result-
ing parameters. The obtained total energy of the electrons
(> 3 GeV) is 2.6×1048 (d/6.6kpc)2 erg with the index s = 1.9
and pcut = 13 TeV c−1.
Next we consider the source of the γ rays from the G25B′
region. The spectral shape of the region is similar to that
of G25A. In addition, there is no PWN, SNR, or PSR with
spin-down luminosity > 1× 1034 erg s−1 in the region. As
for G25A, those celestial objects are unlikely to explain the
γ rays from the region. On the other hand, Figure 14 shows
that molecular clouds at v = 45–65 km s−1 overlap the regions.
However the molecular clouds are spatially much larger than
the G25B′ region. Although we cannot exclude the possibility
that a part of the molecular clouds is illuminated by relativis-
tic protons, there is no strong support that the γ rays come
from the molecular clouds.
In summary, G25B1 associated with HESS J1837−069 is
most likely a PWN. On the other hand, G25B′ has no clear as-
sociation like G25A. Interestingly the region has similar γ-ray
features as G25A (see Section 4.3 for details). In that section,
we will discuss the possibility that the γ rays of the regions
originate in an SFR.
4.1.3. Source G25C
The spectrum of G25C (Γ ∼ 2.1) is distinctly harder than
the Galactic diffuse emission. This source is detected at high
energies & 3 GeV and in this energy range its SED is not sen-
sitive to uncertainties of the Galactic diffuse model (see Fig-
ure 5). Therefore we conclude that G25C is a discrete γ-ray
object despite its relatively low statistics (∼ 4σ detection) on
the Galactic plane. Although we classify it as a point source,
G25C has TSext of 7, which might indicate spatial exten-
sion. Actually in the residual map (Figure 2), G25C appears
as a spatially-extended structure rather than a clear point-like
shape. However much greater statistics would be needed to
resolve a detailed spatial distribution for this source.
No identified source is associated with G25C. The hard
photon index of 2.1 disfavors a PSR origin, since γ-ray PSRs
usually have an energy cutoff of 1–10 GeV (see e.g., Abdo
et al. 2013). Interestingly the hard spectral shape of G25C
is almost the same as for G25B′. Given its spatial proximity
and possible spatial extension, G25C may originate from the
same celestial object that powers extended source G25B′. In
addition, possible TeV emission may be seen to the south of
the G25B′ region in the H.E.S.S. image (Figure 2).
4.2. Counterparts to the X-Ray Emissions
In Section 3.2, we reported the X-ray emissions from multi-
ple point sources in the G25.18+0.26 region. Here we discuss
counterparts to these X-ray emissions.
Before identifying the sources, we compare our results
with past X-ray studies in this direction. ASCA GIS found
an unidentified X-ray source AX J1836.3−0647 at this direc-
tion (Sugizaki et al. 2001). The observed flux of the source
is 8.2× 10−13 erg cm−2 s−1 in a range of 0.7–10 keV, which is
76% of the total flux of sources in group (i) and (ii) obtained
in our analysis. Both fluxes are similar and the difference
probably comes from the fact that the ASCA source consists
of multiple X-ray sources that extend over ∼ 0.◦2 in diame-
ter; it is difficult to determine precise spectral parameters of
such a faint extended source with ASCA. Swift XRT also ob-
served this source for 8 ks on 2007 March, but did not de-
tect it; the upper limit of the flux is 2× 10−13 erg cm−2 s−1 in
0.3–10 keV (Degenaar et al. 2012). The authors conclude that
AX J1836.3−0647 is a strongly variable or transient source
because the upper limit is much lower than the flux reported
by ASCA. However they derive the upper limit on the assump-
tion that the ASCA source is a point source. We consider that
this incorrect assumption is the reason for the very low XRT
upper limit on the source. As stated above, the ASCA flux
is almost the same as the total flux in our results, based on
the XMM-Newton data that was taken only six months after
the Swift observation. This suggests that the total flux of the
sources is almost stable.
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FIG. 16.— Left: combined MOS1+MOS2+pn count map of the AX J1836.3−0647 field in the 0.2–12 keV band. The magenta and the cyan circles represent
the regions of group (i) and (ii) respectively (see Section 3.2). The two white crosses display positions of H II regions G25.294+0.307 and G25.220+0.289. The
cyan Xs display all the likely massive stars of Alicante 6 except for the two O-type (O7 II and O7 V) stars, which are designated by the white and the green stars
respectively. Right: Spitzer IRAC 8-µm image of the same field as that of the left panel in units of MJy sr−1. The green contours represent the X-ray count map
of the left panel. The white star and the magenta and the cyan circles are the same as those in the left panel.
4.2.1. Sources in Group (ii)
We separately treat the sources in group (ii) from those
in group (i), because the group (ii) sources M1, M2, and
N1 are spatially coincident with known H II regions. Fig-
ure 16 (left) shows that source N1 is coincident with H II re-
gion G25.294+0.307, which has vr of 39.6 km s−1 (Lockman
1989). The velocity corresponds to a kinematic distance of
2.8/12.6 kpc. The region appears surrounded by an IR bub-
ble called N37 (Churchwell et al. (2006); see also the right
panel in Figure 16). This is generally understood to be a phe-
nomenon due to winds of putative massive star(s) sweeping
up the surrounding dust to create a bubble, ionize the region,
and illuminate the bubble by heating the dust. The H II region
and the bubble are probably associated with the young cluster
Alicante 6 reported by Marco & Negueruela (2011). They find
a significant population of massive stars located at a distance
of 3.0+0.6−0.4 kpc by using optical and IR data. The estimated dis-
tance is consistent with the closer kinematic distance of the
H II region. They find that most massive stars of the cluster
are of later types than O stars and only two stars are O-type
(O7 II and O7 V) stars (see Figure 16). They also find that a
number of B0-1 V stars concentrate in the cavity of the bub-
ble. Such spatial coincidence strongly suggests that the stars
are physically associated with N37. The authors also state that
the O7 II star located near N37 is a possible ionizing source to
create the bubble. Given the facts listed here, the H II region
G25.294+0.307 and the probable associated bubble N37 are
most likely to be associated with the young cluster Alicante 6.
Figure 16 shows that source N1 appears to be spatially con-
fined within the bubble N37. Given the spatial association,
source N1 is likely to be associated with the bubble. If this
is the case, the observed X-ray luminosity is calculated to be
1.4× 1032(d/3.0kpc)2 erg s−1 in 0.5–8 keV. The X-ray image
may suggest that the source N1 is extended and consists of
unresolved multiple sources, given that the PSF of the EPIC
has a full width at half maximum of ∼ 6′′.10
Sources M1 and M2 are coincident with the H II region
G25.220+0.289 recently found by Anderson et al. (2011)
as shown in Figure 16 (left). The H II region has vr of
42.4 km s−1, which is similar to that of G25.294+0.307. This
indicates that the sources M1 and M2 are also associated with
Alicante 6. Interestingly the O7 II star of Alicante 6 is located
between the H II regions G25.294+0.307 and G25.220+0.289.
If the star ionizes G25.294+0.307 as suggested by Marco
& Negueruela (2011), G25.220+0.289 may be also ionized
by this star. Actually the 8µm IR map shows a filament-
like structure coincident with G25.220+0.289, which may be
swept up and excited by the O star (Figure 16). Given the
observational evidence, the H II region G25.220+0.289 may
be associated with Alicante 6. The observed total X-ray lu-
minosity is calculated to be 1.4× 1032(d/3.0kpc)2 erg s−1 in
the 0.5–8 keV band. We note that the sources M1 and M2
have no counterpart massive stars in Alicante 6. This seems
inconsistent with our expectation that the sources M1 and M2
are massive stars based on the derived high X-ray luminosity.
This might be because molecular clouds obscure the sources
in the optical wavelength. Actually Table 8 shows that NH
obtained with the 2T model is ∼ 2.4×1022 cm−2, which cor-
responds to the optical extinction AV ∼ 11 mag, when we ap-
10 http://xmm.esac.esa.int/external/xmm_user_support/documentation/
uhb_2.1/node14.html
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ply the relation NH = 2.2× 1021AV mag−1 cm−2 (Ryter 1996).
More X-ray statistics would be needed to determine reliable
values of the spectral parameters for the interpretation.
4.2.2. Sources in Group (i)
The sources in group (i) clearly concentrate around the cen-
ter of the magenta circle in Figure 7. As displayed in Ta-
ble 8, the NH of sources P1 and Qsum have similar values
of (1.0–1.4)× 1022 cm−2 for a typical spectral shape of OB-
association members, when we adopt the 2T model (see Sec-
tion 3.2). This suggests that the sources are located at the
same distance: they are associated in physical space. In the
1T model, NH is almost the same as that of the 2T model for
source P1 and the low-temperature component (kT . 1keV)
is dominant in both models. The choice of the models does
not affect the interpretation of P1. On the other hand, NH
toward Qsum in the 1T model is 0.4× 1022 cm−2, which is
significantly different from (1.1–1.4)× 1022 cm−2 for the 2T
model. In the 1T model, the obtained temperature of 6–7 keV
is too hot for usual stellar association members. In addi-
tion, such a low NH means that sources Q1–Q15 are most
likely to be nearby (within a few kpc). We can roughly es-
timate AV to be ∼ 2 mag based on the NH using the relation
NH = 2.2× 1021AV mag−1 cm−2 (Ryter 1996). Given such a
low extinction and the close distance, most members of the
association G25.18+0.26 should be detectable in the optical
band. This is inconsistent with the fact that no clear opti-
cal counterpart has been found for G25.18+0.26. Therefore
the 1T model is unlikely to represent physical features of
Qsum. The spectrum of Qsum also can be explained by the
PL model with NH of 0.51×1022 and Γ = 1.90. Typical non-
thermal extragalactic sources are represented by a PL model
with Γ of 1.5–2.5. However most of the sources Q1–Q15
must not be extragalactic sources because the derived NH is
lower than the total column density of H I in this direction
(∼ 1.7× 1022 cm−2).11 Such a concentration of non-thermal
sources is unlikely in our Galaxy. Therefore we conclude
that the 2T model best represents the physical parameters of
sources P1 and Q1–Q15 and that these sources consist of a
stellar association/cluster in our Galaxy. Hereafter we call
this object G25.18+0.26.
The young cluster Alicante 6 is also located in this direc-
tion (see Section 4.2.1). However the sources in group (i) are
unlikely to be associated with this object for the following
reasons. First if they are really associated, the absorption-
corrected X-ray luminosities of the individual sources are
in the range (1–6)× 1032 (d/3kpc)2 erg s−1 in the 0.5–8 keV
band. To calculate the X-ray fluxes, we adopt the 2T model
with abundance 1.0 in Table 8. The fluxes of sources Q1–
Q15 are calculated by fitting the normalizations with the best-
fitting 2T model for source Qsum with the spectral shape fixed.
The obtained high luminosities mean that most sources in
group (i) should be massive stars. As shown in Figure 16
(left), however, the massive stars of Alicante 6 do not coincide
with the X-ray sources, indicating that they are not associated.
In addition, the morphology of the IR image suggests that the
most luminous star is likely to be located near the center of the
cyan circle (the group (ii) region; see Section 4.2.1). However
the X-ray image strongly indicates that the most massive stars
concentrate around the center of the magenta circle, if we as-
sume that sources in the groups (i) and (ii) are located at the
11 http://heasarc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl
same distance. The inconsistency also supports our conclu-
sion that the OB association/cluster G25.18+0.26 is not asso-
ciated with Alicante 6.
Given that there is no optical counterpart to G25.18+26, the
OB association is likely to be farther away than Alicante 6 (d =
3kpc). NH of sources P1 and Qsum are (1.0–1.4)×1022 cm−2,
which is relatively high given that the total Galactic H I col-
umn density at this direction is about 1.7× 1022 cm−2. This
suggests that G25.18+0.26 is at a distant location, which is
consistent with our expectation. However we should note that
the values of NH corresponds to AV = 5–6 mag when we adopt
a relation of NH = 2.2× 1021AV mag−1 cm−2 (Ryter 1996). In
this case the counterparts to the X-ray sources are expected
to be visible in the optical band, which is inconsistent with
the observational evidence. This may be explained by an un-
certainty of the relation between NH and AV . Actually Vuong
et al. (2003) indicates NH = 1.6× 1021AV mag−1 cm−2. When
we adopt this relation, the converted AV is 6–9 mag. When
we adopt the highest estimated value of AV of ∼ 10 mag, the
OB association is expected to be invisible in the optical band.
Another possible explanation is that the actual NH values are
higher than the obtained ones. Our analysis shows that NH
could go up to 1.8× 1022 cm−2 (Section 3.2). In addition,
the value of NH (Qsum) is calculated for combined spectra of
Q1–Q15 because of the limited statistics. Some of the inte-
grated sources might be foreground ones, which would make
the value of NH smaller than the real values of the OB as-
sociation G25.18+0.26. More observations in the X-ray and
at other wavelengths will determine the precise distance of
G25.18+0.26.
Rahman et al. (2013) claim another candidate OB associ-
ation, SFC 10, in this direction using near-IR observations,
which are less affected by obscuration than the optical band.
They select the candidate association based on an observed
excess number density of IR sources compared with that of
the surrounding region. The reddening of the selected stars
indicates that the association is distant (& 6 kpc). The claimed
association has a larger size than that of this work but the most
dense part is almost spatially coincident with the X-ray asso-
ciation (see Figure 18). This may indicate that the IR and X-
ray association have the same origin. More studies are needed
to confirm this indication.
The spectrum of Rsum indicates NH of (8–9)× 1022 cm−2
independent of the choice of model (see Section 3.2). The
column density is much higher than those of sources P1 and
Qsum (NH = 1.0–1.4× 1022 cm−2) or the total Galactic H I
column density in this direction (∼ 1.7× 1022 cm−2). This
means that sources R1–R4 are embedded in dense gas and
obscured with AV ∼ 40 mag using the relation NH = 2.2×
1021AV mag−1 cm−2. One potential explanation for this ob-
scuration is that these sources are members of G25.18+0.26;
young associations/clusters usually have such sources ob-
scured by their parental molecular clouds. Another interpre-
tation is that the sources are extragalactic. To determine their
associations, we would need more data to precisely study in-
dividual sources.
4.3. SFR Scenario
As discussed in Section 4.1, there are no clear associations
with G25A, B′, or C. Interestingly the G25A and G25B′ re-
gions show similar characteristics: elongated morphologies
with similar surface brightnesses and hard energy spectra.
Given their proximity, one celestial object plausibly could be
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responsible for the γ-ray emission of both regions. Although
G25C may have similar characteristics, we need more statis-
tics to study it in detail. Here we discuss γ-ray emission of
G25A and G25B′ (hereafter G25). Note that the exclusion of
G25C does not change our conclusion in the discussion.
We propose a scenario that the observed γ-ray emission is
due to a massive SFR. The first evidence to support the sce-
nario is that the γ-ray properties of G25 are similar to those of
the Cygnus cocoon, the only firm case of γ-ray detection from
an SFR in our Galaxy (MA11): both γ-ray sources are spa-
tially extended; their energy spectra are described as a power
law with hard photon indices of 2.1–2.2 without any signifi-
cant spectral curvature at least up to ∼ 500 GeV; because of
their large sizes (2◦–4◦), the LAT is able to obtain SEDs of
five sub-regions for each source and finds a uniform spectral
shape (Γ' 2.1–2.2) in the regions. These similarities suggest
that the γ-ray production process in G25 might be similar to
that in the Cygnus cocoon, i.e., a massive SFR.
In this section, we will provide three more lines of obser-
vational evidence to support our proposition. First, if a mas-
sive SFR exists in this region, an accompanying bubble struc-
ture is expected. Although there is no clear evidence that a
massive SFR is associated with this region, Rahman & Mur-
ray (2010) recently claim a candidate massive SFR in this
direction based on radio and IR observational data. In Sec-
tion 4.3.1, we investigate the surrounding gas distributions to
confirm the bubble structure that they report. Second, if the
bubble mentioned in Section 4.3.1 constitutes an SFR, a mas-
sive OB association/cluster is expected in this region. Actu-
ally the X-ray observation in the present work reveals that the
OB association/cluster G25.18+0.26 resides in the region (see
Section 4.2). In Section 4.3.2, we provide observational evi-
dence in support of the possibility that the bubble is an SFR
created by the OB association G25.18+0.26. Finally, if the ob-
served γ rays come from the SFR proposed in Section 4.3.2,
the γ rays are expected to be largely confined in the bubble
(i.e., a cavity delineated by the claimed bubble). This is a mor-
phological property revealed by the LAT observation of the
SFR Cygnus cocoon. In Section 4.3.3 we examine relations
between the spatial structures of the γ rays and the claimed
bubble, to check whether the morphology follows our expec-
tation. Note that the mechanism of the confinement will be
discussed in Section 4.5.2.
4.3.1. Bubble Structure
Toward the direction (l,b) ∼ (24.◦9,0.◦1), Rahman & Mur-
ray (2010) find copious 8µm emission, which has a bubble
structure associated with H II regions with line-of-sight ve-
locities vr of ∼100 km s−1. Their interpretation is that the
emission is associated with a star-forming complex created
by hidden massive OB association(s). They estimate the dis-
tance to the bubble as 6.1 kpc based on the median velocity
(∼ 100 km s−1) of the H II regions.
Figure 17 shows that G25 is spatially coincident with the
reported bubble, although a factor of ∼ 1.8 larger. To study
the bubble structure in detail, we investigate the 13CO map
for the velocity range around vr = 100 km s−1 in this direction
(Figure 18). Figure 18 clearly shows a bright arch-like struc-
ture around l ∼ 24.◦5 for vr in the range 110–120 km s−1. The
structure can also be seen in the IR map and composes the
western part of the claimed bubble (hereafter cardinal direc-
tions are in Galactic coordinates unless otherwise mentioned).
We also overlay H II regions with vr > 100 km s−1 around this
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FIG. 17.— Spitzer IRAC 8-µm image around the G25 region in
units of MJy sr−1. The cyan dashed-line ellipse displays the bub-
ble claimed by Rahman & Murray (2010). The green xs are the H II
regions which are considered to be associated with the bubble (see
text). The green contours show the residual map of the LAT data
above 3 GeV as shown in Figure 2.
region. The positions and velocities of the H II regions are
taken from the Green Bank Telescope H II Region Discovery
Survey (Anderson et al. 2011) and the Boston University Cat-
alog12. The latter compiles previous studies of ultra-compact
H II regions (Araya et al. 2002; Watson et al. 2003; Sewilo
et al. 2004), classical H II regions (Lockman 1989), and H II
regions that are truly diffuse (Lockman et al. 1996). Some of
the H II regions are located on the arch (Figure 18). These
can be naturally interpreted as swept-up gas illuminated by
putative massive stars. These results support an interpretation
that the arch is a part of the bubble created by a massive OB
association.
Based on the 13CO data, the arch structure is expected to
exist at least from 110 to 120 km s−1 and probably beyond
124 km s−1. Such large dispersion of the velocity is difficult
to be explained only by the motion of the Galactic arm, sug-
gesting that the dispersion is probably explained by local mo-
tion of the clouds. The mean velocity of the gas distribution
is ∼ 115 km s−1, which is higher than the velocity at the tan-
gent point (113 km s−1) for the direction (l,b) = (25◦,0◦). Fig-
ure 18 shows the existence of clouds above the velocity at the
tangent point, which means that these clouds locally move
away from us. This motion may be caused by an expansion
of the bubble. Since the arch-like molecular clouds are lo-
cated near the tangent point and a part of them exists above
the velocity at the tangent point, here we adopt the distance
to the tangent point (= 7.7 kpc) as the distance to the clouds.
The estimated distance of 7.7 kpc is greater than the distance
estimated by Rahman & Murray (2010) (6.1 kpc). The au-
thors derive the distance from the mean velocities of eight
H II regions which they assume are associated with the bub-
12 Available at http://www.bu.edu/iar/files/script-
files/research/hii_regions/index.html
Extended Gamma-ray Emission from the G25.0+0.0 Region 19
ble. However one of the H II regions has vr of 84.8 km s−1. As
discussed above, a possible bubble is expected to exist around
vr of 110 km s−1. Even considering the dispersion of vr for the
bubble, the associated objects are most likely to exist in the
velocity range of 95–125 km s−1. Therefore the H II region
with vr of 84.8 km s−1 is unlikely to be associated with the
bubble. When we exclude this object, the mean velocity of
the other seven H II regions is 111 km s−1, which is very close
to the velocity adopted in this paper (113 km s−1). Therefore
we adopt 7.7 kpc for the distance.
Using the 13CO map, we confirmed the western shell struc-
ture of the claimed bubble. On the other hand, we cannot
find any clear shell structures for the other parts of bound-
aries of the bubble (see Figure 18). Rahman & Murray (2010)
delineate the boundary based on the morphology of the IR
image and positions of the H II regions, which they consider
associate with the bubble. Except for the clear western shell
structure, however, no bright shell structure is found in the IR
map either. Therefore the other boundaries may be located at
different positions from the assumed ones. Actually we find
that an arch-like structure extends from the western part to the
northern one for vr in the range of 114–119 km s−1 (see Fig-
ure 18). The arch exists outside the boundary of the candidate
bubble. At the southern boundary, we find the H II regions
with vr > 100 km s−1 around b = −0.◦5, which is outside the
claimed bubble. This may suggest that the southern bound-
ary of the bubble is located at or beyond these H II regions.
These findings indicate the possibility that the bubble is more
extended than that defined in Rahman & Murray (2010): we
delineate a possible boundary of the bubble that is 1.◦5×1.◦2
in size as shown in Figure 18. Hereafter we call this structure
“the G25 bubble". Note that the eastern boundary passes thor-
ough molecular clouds at l ∼ 25.◦5 beyond the velocity at the
tangent point (113 km s−1). These high-velocity clouds may
be pushed away and compressed by a putative massive OB
association/cluster. Figure 15 shows that these high-velocity
clouds concentrate around l ∼ 25◦, which supports this possi-
bility.
The bubble with a size of 1.◦5× 1.◦2 has a physical size of
210×170 pc at 7.7 kpc. This size is comparable to the thick-
ness of a dense part of the Galactic plane, which means that
ambient gas and clouds in the north and south are generally
expected to be more sparse than those in west and east on the
Galactic plane. Figures 18 and 19 show that the intensities of
the CO and the H I emissions at the northern and the southern
boundaries are indeed less than those in the western and the
eastern boundaries. Given the non-uniform gas distributions,
the bubble is expected to be elongated in the Galactic-latitude
direction if we assume that the bubble is created by a power-
ful stellar object on the Galactic plane. The morphology of
the possible boundary is consistent with this expectation.
We also investigate the spatial distribution of H I gas using
the VLA Galactic Plane Survey (VGPS) (Stil et al. 2006). Fig-
ure 19 shows that a spatial distribution of H I is very similar to
that of 13CO above 110 km s−1 in Figure 18. At lower veloci-
ties the spatial distribution of H I gas is not similar to that of
the molecular clouds: we cannot find any clear spatial corre-
lation between them for the other velocities at this direction.
If we assume a powering source such as a massive OB asso-
ciation or/and an SNR around (l,b)∼ (25◦,0◦), then the wind
of the source would sweep the surrounding molecular clouds
and H I gas away; such pressure would make a bubble whose
spatial structures are similar regardless of their initial distri-
butions. Therefore the clear spatial correlation between the
molecular clouds and the H I gas can be naturally understood
if they are shells of the bubble created by an OB association
or/and an SNR.
4.3.2. Does OB Association G25.18+0.26 Create a Bubble?
Intense free-free emission is detected from and around this
region (Murray & Rahman 2010). Since free-free emission
is expected to be mainly due to reprocessed ionizing photons
emitted by young massive stars, the intense emission suggests
that massive OB association(s) reside in the region. There-
fore an OB association/cluster is the most prominent candi-
date for powering the G25 bubble (Section 4.3.1), although
no such celestial object has previously been found within the
bubble at the distance around 7.7 kpc. A candidate for such
massive OB associations/clusters is the newly-found OB as-
sociation/cluster G25.18+0.26 (see Section 4.2). In the fol-
lowing, we provide observational evidence to support this
possibility. In the case that G25.18+0.26 creates the bubble,
the radius of G25.18+0.26 (∼ 0.◦1) will be physically large,
13 (d/7.7 kpc) pc. The relatively large size indicates that the
object is an OB association rather than an OB cluster (see e.g.,
Portegies Zwart et al. 2010). Hereafter we call the system of
the G25 bubble created by the OB association G25.18+0.26
“SFR G25".
Since an OB association pushes the surrounding gas away
to create a bubble, it should be located inside the bubble.
G25.18+0.26 meets this criterion as shown in Figure 20. NH of
sources P1 and Qsum are (1.0–1.4)× 1022 cm−2 (see Table 8),
which is relatively high given the fact that the total Galactic
H I column density at this direction is about 1.7× 1022 cm−2.
This suggests that G25.18+0.26 has a distant location. Our
assumed distance of 7.7 kpc is consistent with this expecta-
tion. However we note that the value of NH seems to be
small for 7.7 kpc, given that the association is located in the
inner Galaxy (l ∼ 25◦). If no foreground molecular clouds
obscure the association, the obtained NH may be consistent
with d = 7.7kpc. The issue of the NH value and the distance is
discussed in Section 4.2.2. Here we assume that G25.18+0.26
is located at 7.7 kpc.
The physical size of the G25 bubble is large, 210×170 pc.
To create such a large bubble, the responsible OB associa-
tion should be massive. To check whether the OB associa-
tion G25.18+0.26 is massive, here we roughly estimate a total
mass from its X-ray luminosity. The X-ray luminosity func-
tions (XLFs) of the OB associations/clusters are known to
have similar shapes (e.g., Wright et al. 2010); the similarities
could be understood in terms of a universal shape of the initial
mass function for OB associations and an empirical relation
between the mass and the X-ray luminosity of a star. There-
fore we expect that the X-ray luminosity of the OB association
is roughly proportional to its mass (see also Appendix B).
We estimate the X-ray luminosity of G25, assuming that
sources P1 and Q1–Q15 are members of G25.18+0.26.
Note that R1–R4 are not included since their association
with G25 is uncertain (see Section 4.2.2). The total lumi-
nosity of the sources is estimated to be LG25.18 of 2.8×
1033 (d/7.7kpc)2 erg s−1 in the 2–8 keV band using the total
absorption-corrected flux of sources P1 and Qsum based on the
2T model with the solar abundance (see Section 3.2). The lu-
minosity is integrated above 2 keV to reduce the dependency
on NH. The luminosities of the individual sources are in the
range (0.7–3)×1032 (d/7.7kpc)2 erg s−1 (see Section 4.2): the
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FIG. 18.— Integrated 13COJ = 1–0 emission every 2 km s−1 within the range 103–124 km s−1. The green contours show the residual map of
the LAT data above 3 GeV from Figure 2. The green cross shows the position of G25C. The cyan and white dashed-line ellipses represent the
bubbles suggested by Rahman & Murray (2010) and this work respectively. The green Xs are positions of H II regions with vr above 100 km s−1
(see text). The cyan solid-line ellipse delineates the OB association claimed by Rahman et al. (2013), while the white solid-line circle represents
a region where the number density of IR sources is especially high within the OB association (see Section 4.2). The magenta circle is the same
as that in Figure 7.
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FIG. 19.— Integrated H I gas every 2 km s−1 within the range 103–124 km s−1. The contours and marks are the same as those in Figure 18.
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FIG. 20.— Integrated 13COJ = 1–0 emission integrated over 110.2–115.9 km s−1 (left) and 116.1–120.8 km s−1 (right). The magenta circle,
the white dotted ellipse, and the overlaid contours are the same as those in Figure 18. The white circles represent the selected positions for
estimating the column density of H I and molecular gas (see Appendix D).
estimated luminosity is integrated for X-ray sources with lu-
minosities above 7× 1031 erg s−1 in the 2–8 keV band. Next
we estimate the X-ray luminosity of a known OB associa-
tion for a comparison with that of G25.18+0.26. Here we
adopt Cyg OB2 because it is one of the most massive OB
associations (∼ 3× 104M; Wright et al. (2010)) and lo-
cated at a distance of only ∼ 1.45 kpc (Hanson 2003). In Ap-
pendix C, we estimate the corresponding luminosity LCyg as
6.3×1033 erg s−1.
Using the derived luminosity, we roughly estimate a to-
tal mass of G25.18+0.26 to be ∼ (LG25.18/LCyg)×MCyg =
1×104M, where LG25.18 and LCyg are the 2–8 keV luminosi-
ties of G25.18+0.26 and Cyg OB2 respectively, and MCyg is
the mass of Cyg OB2 of 3×104M. Note that we may miss
some X-ray sources of G25.18+0.26 above 7× 1031 erg s−1
due to the sensitivity limit of the XMM-Newton observation.
In addition at least some of sources R1–R4 may be members
of the association. Given these considerations, we probably
underestimate the total luminosity of G25.18+0.26. However
such effect would be a factor of ∼ 2 and not crucial for this
rough estimation. In any case, the derived mass is comparable
to that of Cyg OB2, which means that G25.18+0.26 is one of
the most massive OB associations in our Galaxy if it is located
at 7.7 kpc.
4.3.3. Gamma-ray Association with the G25 Bubble
As shown in Figure 20, the γ-ray emission of G25 is spa-
tially well matched with the G25 bubble suggested based on
the molecular-cloud map in Section 4.3.1. In the following,
we compare spatial structures between the γ-ray emissions
and molecular clouds. In Figure 20 (left), the G25 emission
appears to extend over the boundary of the G25 bubble at the
northwest. Interestingly the molecular clouds with the highest
velocities (the right panel) have a spatial break at the north-
western boundary and a bright part of the γ-ray emission ap-
pears to extend through the break. This can be interpreted as a
“breakout" of the bubble: the γ rays may come from the out-
flow of high-energy particles. In the western and southwest-
ern parts the γ rays and molecular clouds are anti-correlated:
the γ rays appear to extend in cavities between dense parts
of the molecular clouds. In the southeastern and northeast-
ern parts, bright γ-ray emission comes from just inside the
molecular-cloud boundaries but not within the clouds.
We can summarize the relations between the spatial struc-
tures of γ-ray emission and molecular clouds as below: (i)
the γ rays are anti-correlated with the molecular shells and
clumps so that the γ rays appear to be confined in cavities
delineated by dense shells of the G25 bubble (except for the
northwestern boundary where a breakout may occur); (ii) the
bright γ-ray emission comes from regions near (but not on)
the dense molecular-cloud shell or clump (i.e., the western
and eastern boundaries); (iii) no strong γ-ray emission is de-
tected near the sparse molecular-cloud boundaries (i.e., the
northeastern and southern boundaries). The spatial properties
show that the γ-ray emission is confined in the G25 bubble,
which is consistent with our proposition that the γ rays come
from SFR G25. These spatial properties will be compared
with those of the Cygnus cocoon SFR in Section 4.5.1.
4.4. High-energy Particles in SFR G25
Here we discuss spectral distributions of the high-energy
particles radiating the observed γ rays. We adopt the SFR sce-
nario of Section 4.3 and focus on the γ rays of the G25A and
G25B′ regions. Model spectral distributions of the relativistic
particles are adjusted to reproduce the observed γ rays. We
consider three kinds of emission mechanisms: the pi0-decay
emission due to high-energy protons, and the Bremsstrahlung
and the Inverse Compton (IC) scattering processes by high-
energy electrons. To calculate the γ-ray emission via these
mechanisms, we adopt the target gas density (n = 20cm−3)
and the target photons estimated in Appendix D.
The spectral distributions of the relativistic particles are
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FIG. 21.— SEDs of G25A with model curves for the four cases in Table 10. The observed SEDs are represented by red points and error
bars (see Section 2.2.3). The errors are set by adding in quadrature statistical and systematic errors. The γ-ray emission is modeled with a
combination of pi0-decay (dashed line), Bremsstrahlung (dot-dashed line), and IC scattering (dotted line). The total model curve is represented
by a solid line.
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FIG. 22.— Same as Figure 21 but for G25B′.
assumed to be cut-off power-law functions of the form
dNp,e/dp ∝ p−sexp(−p/pcut(p,e)). The spectral index of s is
assumed to be the same between the relativistic protons and
electrons, while the cutoff momentum of pcut(p,e) can change
independently. To predict the γ-ray spectrum, we consider
two values for the number ratio of the relativistic electrons
to protons (Kep): 0.01 and 1. The value Kep = 0.01 is simi-
lar to what is locally observed at GeV energies (e.g., Beischer
et al. 2009). The distributions of target gas and photons in
Appendix D are adopted for the model calculations. We re-
produce the observed γ-ray spectra of G25A and G25B′ by
adjusting spectral parameters of the relativistic particles: the
normalization of the relativistic protons, s, pcut(p), pcut(e). The
resulting parameters and spectra are shown in Table 10 and
Figures 21 and 22.
In the case of Kep = 0.01 (which we refer to as the hadronic
scenario), the resulting γ rays are dominated by the pi0-decay
emission due to the relativistic protons. The spectral shape
of the pi0-decay emission is almost the same as that of the
parent protons. Since we do not find any significant spectral
curvature in the γ-ray SEDs of G25A and G25B′ (see Sec-
tion 2.2.3), we set pcut(p) at 100 TeV c−1; the γ-ray spectral
shape via pi0-decay emission has no significant spectral cur-
vature in the 1–500 GeV range. On the other hand, the photon
index of the IC component due to the relativistic electrons is
hard,∼ (s+1)/2 = 1.6 so that it might contribute to the SED at
high energies (& 10 GeV). Here we consider two cases where
pcut(e) are 1.0 and 100 TeV c−1. The pcut(e) of 1.0 TeV c−1 cor-
responds to the break momentum due to the synchrotron ra-
diation loss for a magnetic field B = 10µG for 0.1 Myr. A
magnetic field of the order of 10–20µG is expected to be a
reasonable value in the bubble created by the massive OB as-
sociation (see e.g., Parizot et al. 2004). Note that the time
of 0.1 Myr is about an order of magnitude less than the ex-
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TABLE 10
PARAMETERS OF MULTI-WAVELENGTH MODELS
Model Kep s pcut(e) pcut(p) (a)Wp/(b)We (a)Up/(b)Ue
(TeV c−1) (TeV c−1) (1050 erg) (eV cm−3)
G25A
(a1) 0.01 2.2 1.0 100 2.7 6.2
(a2) 0.01 2.3 100 100 2.5 5.8
(b1) 1 2.3 1.0 100 0.19 0.44
(b2) 1 2.5 100 100 0.19 0.44
G25B′
(a1) 0.01 2.2 1.0 100 1.6 5.9
(a2) 0.01 2.3 100 100 1.5 5.5
(b1) 1 2.3 1.0 100 0.11 0.40
(b2) 1 2.5 100 100 0.11 0.40
NOTE. — The total kinetic energies (Ekin) of radiating protons (Wp) and electrons (We)
are calculated for Ekin > 1 GeV. The target gas density (n = 20 cm−3) and photon field
estimated in Appendix D are adopted.
pected age of SFR G25 (∼Myr; see Section 4.5). For the case
pcut(e) = 100 TeV c−1, the IC SED shows no significant spectral
curvature in the LAT band. As shown in Figure 21, both cases
can reproduce the observed γ-ray spectrum.
For Kep = 1 (the leptonic scenario), the resulting γ rays are
primarily due to Bremsstrahlung and IC scattering processes
by high-energy electrons. As for the case of Kep = 0.01, we
consider two values for pcut(e), 1.0 and 100 TeV c−1. For both
values the predicted γ rays can also explain the observed spec-
trum. Note that the value of pcut(p) does not affect the total
reproduced γ rays.
We assume that the energetic particles uniformly fill the
bubble with the volume VA = 2.7×1061 (d/7.7kpc)3 cm3 and
VB′ = 1.7×1061 (d/7.7kpc)3 cm3 for G25A and G25B′ respec-
tively. The volume VA is derived as (4pi/3)r3A, where rA is the
geometric mean of the semi-minor and the semi-major axes of
G25A (see Table 1); the volume VB′ is derived as VB −pir2B1lB,
where VB is obtained for G25B in the same manner as for
G25A, rB1 is the radius of G25B1, and lB = (pi/2)rB is an aver-
age line-of-sight length of G25B. Under this assumption, the
energy densities in Table 10 are calculated to beUp,e =Wp,e/V ,
where V is VA or VB′ for G25A or G25B′ respectively. Note
that here we assume that the high-energy particles uniformly
fill each region (i.e., the filling factor = 1.0). However the
value may be less than 1.0 given that some parts of the re-
gions have no (or very weak) γ-ray emission (see Figure 2).
In that case, the actual Up,e will be higher than the estimated
values in Table 10.
4.5. Acceleration in SFRs
In Section 4.3, we proposed and discussed the SFR scenario
where G25A and G25B′ are associated with the G25 bubble
created by a massive OB association; and the OB association
is G25.18+0.26, which is found in this work. Here in Sec-
tion 4.5.1, we check that the SFR scenario for G25 is consis-
tent with the case of the Cygnus cocoon, the only prior firm
case of γ-ray detection from a SFR in our Galaxy (MA11).
To do this, we compare physical parameters and spatial struc-
tures between the G25 and the Cygnus cocoon regions. The
existence of many similarities will support the SFR scenario.
In Section 4.5.2, based on the SFR scenario, we investigate
possible acceleration mechanisms in SFR G25 using the ob-
served γ-ray spectral and spatial properties. Given that G25 is
likely to be γ-ray emissions from an SFR, we can expect that
other young massive SFRs accelerate particles as SFR G25
does. We discuss some implications in Section 4.5.3.
4.5.1. Comparison with the Cygnus Cocoon
We summarize physical parameters of G25 and the Cygnus
cocoon in Table 11. Note that Lγ is integrated over the 1–
100 GeV band for comparison with the luminosity of the
Cygnus cocoon. The γ-ray luminosities for 0.2–500 GeV are
(1.38± 0.06)× 1036 (d/7.7kpc)2 ergs−1 and (0.80± 0.06)×
1036 (d/7.7kpc)2 ergs−1 for G25A and G25B′ respectively. In
this section, we consider only the hadronic scenario (Kep =
0.01). As stated in Section 4.3.2, the most massive O stars of
the OB association are likely to be still on the main sequence
and drive powerful stellar winds into the bubble. Since the
lifetime of such O stars is about 3 Myr (e.g., Bressan 1993),
G25.18+0.26 is expected to be a young association of. 3Myr
age. The stellar-wind power of G25.18+0.26 is estimated
from that of Cyg OB2 based on the assumption that the power
is proportional to the total mass of each OB association, and
the fact that both G25.18+16 and Cyg OB2 are massive and
have similarly young ages. In the table, we also display
corresponding parameters of the Cygnus cocoon. Although
two OB associations, Cyg OB2 and NGC 6910, are coincident
with the region, here we consider only Cyg OB2 because it is
about 200 times more powerful (see MA11).
Table 11 shows many similarities between the G25 and the
Cygnus cocoon regions. Each is large (100–200 pc) and hosts
a young (. severalMyr) massive (& 104M) OB association.
Each bubble is probably created by the corresponding OB as-
sociation. Their sizes are compatible with the simple estimate
of Weaver et al. (1977).
We also compare the spatial properties of G25 and the
Cygnus cocoon. In Section 4.3.3, we find the three relations
between the spatial structures of the G25 γ rays and the sur-
rounding molecular clouds. In the following, we will investi-
gate the corresponding spatial relations for the Cygnus cocoon
region. Note that we use the 8-µm map in Figure 1 of MA11
to trace the boundary of the bubble (or the cavity), since the
CO map in MA11 has a relatively low spatial resolution. Here
we interpret bright IR shells in MA11 as dense shells of gas.
As shown in Figure 3 of MA11, the detected γ rays can be
divided into three spatial regions: main central, eastern, and
southwestern regions.
First, as discussed in Section 4.3.3, the γ rays of G25 are
generally anti-correlated with the molecular shells and clumps
so that the γ rays appear to be confined in the candidate bub-
ble. The Cygnus cocoon shares this feature: as stated in
MA11, the entire γ-ray emitting region is surrounded by the
bright IR shells and confined within the cavity in the Cygnus
cocoon region.
The next feature in common is that the bright γ-ray emis-
sion exists near (but not toward) the dense molecular-cloud
shell or clump. The γ rays in the central region of the Cygnus
cocoon follow this tendency, since they exist adjacent to the
bright western shell. On the other hand, the γ rays in the
other two regions appear not to follow the relation, since they
are “on" the bright shell. However this does not necessarily
mean that γ rays are emitted from the dense shell. For exam-
ple, even if γ rays are emitted from a cavity surrounded by
dense shells (like those in the central region), the γ-ray emis-
sion could be observed on the bright shells if the shells are
along the line of sight of the γ-ray emitting region. Actually
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TABLE 11
PHYSICAL PARAMETERS OF THE G25 REGION AND THE CYGNUS
COCOON REGION
G25a Cygnus cocoonb
High-energy properties
Photon index 2.1 2.2
Diameter (pc) ∼ 180 ∼ 100
Lγ (1036 erg s−1) 1.3 0.09
Wp (1050 erg) 4.3 (20cm−3/n) 0.13(60cm−3/n)
Up (eV cm−3) 6.1 (20cm−3/n) 1.6 (60cm−3/n)
nUp (102 eV cm−6) 1.2 1.0
Coincident OB association
Name G25.18+0.26 Cyg OB2
Mass (104 M) ∼ 1 3c
Age (Myr) . 3 1–7c
Stellar-wind power (1038 erg s−1) ∼ 1 2–3
REFERENCES. — (a) this work; (b) MA11 unless otherwise mentioned;
(c) Wright et al. (2010)
NOTE. — The parameters of the G25 bubble are determined based on a
7.7 kpc distance. Lγ is calculated for 1–100 GeV.Wp andUp are calculated
for Ekin > 1GeV.
the spatial size and peak position of the γ-ray emitting region
are different from those of the IR shells in both cases, which
may indicate that the γ rays are irrelevant to the shell region.
For now we cannot conclude whether the γ rays in the two
regions follow this relation.
The last relation is that no strong γ-ray emission is detected
near the sparse molecular-cloud boundaries. In the Cygnus
cocoon region, the LAT does not detect γ rays from the south-
ern region, which no bright shell surrounds, even though the
region is adjacent to a plausible powering source Cyg OB2.
We also point out another spatial relation: both γ-ray sources
appear to lack a core for the coincident young massive OB as-
sociation; the γ rays shine not on but around the association.
While the G25 and the Cygnus cocoon regions have many
similarities, as stated above, values of Lγ , Wp, and Up are dif-
ferent between the SFRs (see Table 11). The γ-ray luminosity
of G25 is 14 times larger than that of the Cygnus cocoon.
Given that the luminosity is proportional to nWp = nUpV , the
difference is probably due to the volume (V ) of the sources;
the estimated volume of G25 is 9 times larger than that of the
Cygnus cocoon (MA11). Both Lγ and V of G25 are about
an order of magnitude larger than for the Cygnus cocoon.
Actually nUp of G25 and the Cygnus cocoon are almost the
same as shown in Table 11. Although the values of nUp are
almost the same, the values of Up are different between the
regions (see Table 11). The difference is due to the differ-
ent estimated target gas densities. The estimated density of
the Cygnus cocoon (n ≈ 60cm−3; MA11) is higher than that
of G25 (n = 20cm−3). This is probably because the estimated
gas density for the Cygnus cocoon includes shells of the dense
gas. The total mass of the gas is dominated by H2 and H I gas,
which are expected to be swept up to the boundaries of the
bubble and compose dense shells. As described above, based
on the morphology of the γ-ray emitting region and the sur-
rounding gas, we find that the γ-ray emission may come from
cavities created by the OB association but not from the dense
shells. If this is true for the Cygnus cocoon, the value of n
should be lower than 60cm−3. For example, if we assume n of
G25 (20cm−3) for the Cygnus cocoon, thenUp is estimated to
be ∼ 5eVcm−3, which is similar to 6 eV cm−3 for G25.
4.5.2. The Acceleration Process in SFR G25
Acceleration Mechanism
The observed bright γ-ray emission provides evidence that
the accelerated particles are distributed in the SFR. Given the
similarities of the spectral and spatial properties between G25
and the Cygnus cocoon region, the particles in both regions
are expected to be accelerated by the same kind of power-
ing source via the same acceleration process. The powering
source for G25 is likely to be stellar winds of the OB associa-
tion G25.18+0.26, since there is no other powerful object such
as a PWN or SNR within the G25 bubble around the assumed
distance of 7.7 kpc. This is consistent with the plausible sce-
nario that the OB association Cyg OB2 is a powering ob-
ject for the Cygnus cocoon region (MA11). As shown in Ta-
ble 11,Wp of G25 and the Cygnus cocoon are 4×1050 erg and
1×1049 erg respectively. The total energy of the stellar winds
of G25.18+0.26 can be roughly estimated as∼ 3×1051 erg on
the assumption that the stellar-wind power of 1× 1038 ergs−1
is continuously supplied for 1 Myr. The energy available is
great enough to provide the estimated Wp for both sources. In
this section, we consider only the hadronic scenario.
There are two main candidate sites for particle acceleration
powered by the stellar winds: (1) the particles are accelerated
through DSA at the wind boundary and/or in the turbulent
wind itself in OB associations (e.g., Cesarsky & Montmerle
1983; Bartko & Bednarek 2008); (2) the particles are trapped
in the bubble and gain energy by stochastic acceleration due
to magnetic turbulence (e.g., Bykov & Toptygin 2001; Parizot
et al. 2004; Ferrand & Marcowith 2010). In case (1), G25 is
interpreted as γ-ray emission by runaway particles from the
original acceleration site of the OB association G25.18+0.26.
In this scenario, we assume that the OB association continu-
ously accelerates particles for ∼ 1Myr. The diffusion coeffi-
cient of the particles is considered to be energy dependent; the
higher-energy particles diffuse faster. Given that the LAT γ-
ray emission does not come from the dense shells, the acceler-
ated particles of . 1 TeV are still confined within the bubble.
In this case, the spectral shapes of the observed γ rays will
be spatially different within the bubble: a harder spectrum is
expected further from the association. We note that the LAT
observations show that G25A and G25B′ have the same spec-
tral shape of Γ' 2.1, though they are located at different dis-
tances from G25.18+0.26 (∼ 50 pc and ∼ 80 pc respectively).
In addition, even the divided sections of G25A and G25B′
have an uniform spectral shape (see Table 5). In case (2),
G25 is interpreted as γ-ray emission by relativistic particles
that experience in-situ acceleration by magnetic turbulence in
the bubble. A part of the stellar winds is considered to be
converted to secondary shocks and magnetic turbulence via
wind-wind interactions and shock-clump interactions inside
the bubble. The particles gain energy via stochastic acceler-
ation during their stay in the bubble because of the magnetic
turbulence that repeatedly scatters them. Since the acceler-
ation is expected to occur within the whole bubble region,
the spectral shapes are expected to be more-or-less uniform
within the bubble, which is consistent with our results.
Spatial Properties of the Acceleration Site
As stated in Section 4.5.1, the values of nUp are similar be-
tween G25 and the Cygnus cocoon. In Table 11, the values
of n are estimated as 20 cm−3 and 60 cm−3 for G25 and the
Cygnus cocoon, respectively. Wp (= UpV ) is mainly deter-
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mined by V : the energy content of the SFRs is proportional
to the volume of the cavities created by the OB associations.
Actually Lγ of G25 is 1.3% of the stellar-wind power, while
the corresponding value is 0.04% for the Cygnus cocoon (Ta-
ble 11); the γ-ray luminosity is not dependent on the stellar-
wind power of the OB association. This may suggest that the
energy content of the accelerated particles does not strongly
depend on the stellar-wind power. Rather, the energy content
seems to depend on the volume of cavities where the acceler-
ated particles can be trapped.
The spatial structures of the γ-ray emission in G25 also pro-
vide hints about how the acceleration process operates. Given
the spatial property (i) in Section 4.3.3, the relativistic parti-
cles seem to be confined within the bubble. Such an efficient
confinement is expected to be achieved by slow diffusion. If
the bubble is filled with magnetic field turbulence, the diffu-
sion coefficient (D) would be smaller than that of the inter-
stellar medium. For example, if we assume D = 1027 cm−2 s−1
for a 1 TeV particle (Parizot et al. 2004), the corresponding
diffusion length will be ∼ 2√Dt = 115pc for t = 1Myr. This
is larger than the radius of the bubble. To confine the particles
with . 1TeV energy, the diffusion coefficient and/or the trap-
ping time should be smaller than the assumed values. Even in
this case, the higher-energy particles are expected to already
escape the bubble. On the other hand, when we focus on the
western and southwestern parts, γ rays are present, although
not associated with the gas clumps and the dense shell (see
Section 4.3.3 and Figure 20). This phenomenon may suggest
that the particles are confined because they cannot penetrate
the dense-gas regions (clumps and shells) rather than because
of the slow diffusion. The breakout region apparent in the
northwest may also support this hypothesis; a part of the γ-
ray emission emerges from the bubble via the region where
the dense shell does not exist. Deep TeV observations of this
region will give us a clue to how the high-energy particles are
trapped within the bubble.
The spatial properties (ii) and (iii) in Section 4.3.3 are also
worth mentioning here. The γ-ray emission comes not from
an entire region but only parts of the G25 bubble. We can ex-
plain the properties in two ways, given that the γ-ray emission
is proportional to nWp. First, the gas density in the γ-ray emit-
ting region may be higher. In this scenario, the particles are
accelerated and fill the entire bubble but the LAT is able to de-
tect γ rays only near the dense shell where the target gas den-
sity is enhanced. Second, the γ-ray emitting regions are ones
where the relativistic particles exist. In this case, the parti-
cles are mainly accelerated and trapped within the parts of the
bubble where the γ rays are observed. This may happen, for
example, if the magnetic turbulence is enhanced around the
dense gas by the reflected shocks generated via interactions
of the shocks and the dense gas (e.g., Parizot et al. 2004). For
now it is difficult to conclude which scenario is most plausi-
ble.
The Cygnus cocoon region has spatial characteristics simi-
lar to those of G25 described above (Section 4.5.1). This may
indicate that such properties are tightly connected to the ac-
celeration and the emission processes of the SFRs: for the ac-
celeration in SFRs, a powerful OB association is required but
the morphology and size of the SFR created by the OB asso-
ciation may also play an important role. The density of accel-
erated particles within the bubble appears to be much larger
than that in the surrounding molecular clouds as is manifested
by the apparent anti-correlation between the gamma-ray emis-
sion and the 13CO map. The diffusion coefficients within the
bubble and the molecular clouds are expected to be quite dif-
ferent, possibly resulting in the large degree of spatial varia-
tion of the CR density. More sophisticated theoretical models
are needed to draw definitive conclusions. This is beyond the
scope of the present paper.
4.5.3. Acceleration in Young Massive SFRs
Given this discussion, G25 is likely to be the second case
of γ-ray detection from an SFR in the Galaxy. In addition,
we find many similarities of the physical parameters and spa-
tial structures between G25 and the Cygnus cocoon, which
suggests that the same acceleration mechanism operates in
both. This would indicate that the particle acceleration in the
Cygnus cocoon is not a special case and that other young mas-
sive SFRs have capabilities to accelerate particles via the same
mechanism. However, a recent work by Maurin et al. (2016)
has shown that the H II regions powered by young stellar clus-
ters such as the Rosetta and Orion Nebulae are not detected by
the Fermi-LAT. This could be explained by the different bub-
ble sizes; the G25 bubble and Cygnus cocoon are larger than
the H II regions by more than an order of magnitude. The
timescale of diffusive escape of accelerated particles from the
H II regions is shorter than the age of the SFR, and conse-
quently most of the accelerated particles should already have
left the H II regions. Further detections of other SFRs with
different sizes will allow us to test such a scenario.
It is interesting to note that massive SFRs could constitute
a substantial fraction of unassociated Fermi sources. In the
2FGL catalog, ∼ 30% of the 1873 sources have no clear as-
sociations (Nolan et al. 2012). The proportion of the unas-
sociated sources increases to ∼ 60% of 400 sources near the
Galactic plane (|b|< 5◦). The corresponding number of unas-
sociated sources on the Galactic plane in the 1FHL catalog
is also non-negligible (∼ 20% of 76 sources). Note that the
number of securely identified sources is lower. These facts
would suggest that there are new γ-ray source classes to be
found in the Galaxy. Our Galaxy is estimated to contain & 80
associations/clusters with large masses of 104-5 M and ages
of . 25 Myr (Ivanov et al. 2010). Therefore SFRs created by
such objects are prominent candidates for the unassociated
Fermi sources.
Stochastic acceleration could accelerate particles to > TeV
energies in superbubbles (SBs). SBs are created by the collec-
tive power of stellar winds of massive stars and SNRs in OB
associations/clusters (e.g., Bykov & Fleishman 1992; Higdon
et al. 1998). SBs are considered to be filled with the en-
hanced CR density, secondary shocks, and strong magnetic
turbulence caused by collective shocks of SNRs and stellar
winds. Since such an environment is significantly different
from that of the interstellar field, the particle acceleration pro-
cess in SBs is theoretically expected to be different from that
of isolated SNRs in the interstellar medium (e.g., Bykov &
Toptygin 2001; Parizot et al. 2004; Ferrand & Marcowith
2010). Most SNRs are born in OB associations/clusters,
which means that the supernova shocks generally propagate
in SBs. Since SNRs are believed to be accelerating sites for
the Galactic CRs, the acceleration process in SBs is a key to
understanding the Galactic CR acceleration.
This work combined with MA11 observationally support
the theoretical prediction that bubbles created by OB asso-
ciations are sites where particles are accelerated to high en-
ergies via the stochastic acceleration powered by collective
shocks (Bykov 2001). The observed SFRs can be interpreted
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as SBs in an early phase when the stellar-wind power domi-
nates. If stochastic acceleration also operates in many other
SBs even in the later stage where when the SNR power domi-
nates , the acceleration process of the Galactic CRs should be
different from the process for isolated SNRs. Actually we find
thatUp of G25 is 6eVcm−3 (see Table 11), which is∼ 6 times
higher than the locally observed value for CRs. This may in-
dicate that supernova shocks in SBs will generally propagate
in a sea of significantly higher Up than the local value. Note
that Up of the Cygnus cocoon in Table 4.3 is comparable to
the local value, but the value may be greater and be similar to
that of G25 (see Section 4.5.1). In addition, given the uncer-
tainties, Up may be still greater, ranging up to 100eVcm−3.
5. CONCLUSION
We report that a study of LAT observations of extended
emission is likely to be the second case of a γ-ray detec-
tion from an SFR in our Galaxy. We analyze extended γ-ray
emission in the G25.0+0.0 region using ∼ 57-months LAT
data in the energy range 0.2–500 GeV. The emission is di-
vided into two extended regions (G25A and G25B) and one
point-like source (G25C). We divide G25A into three sections
and do not find any significant variation of the spectral shapes
among them. We also divide G25B into three sections and
find that one section (G25B1) has a hard spectrum, while the
other sections (G25B′) have softer spectra. The spectrum of
G25B1 is well represented by a power law with photon in-
dex Γ = 1.53±0.15 and integrated 3–500 GeV flux of (1.0±
0.2)× 10−9 photon cm−2 s−1. We do not find any significant
spectral curvature of G25A, G25B′, or G25C; their SEDs are
well represented by power laws. The resulting parameters of
G25A are Γ= 2.14±0.02 and the integrated 0.2–500 GeV flux
is (1.13± 0.05)× 10−7 photon cm−2 s−1; those of G25B′ are
Γ = 2.11± 0.04 and flux (6.0± 0.6)× 10−8 photon cm−2 s−1;
those of G25C are Γ = 1.8±0.2 and the flux of (2.8±1.8)×
10−9 photon cm−2 s−1. There is no indication of variability for
any of the sources for the period spanned by the observations.
We do not find any sources at other wavelengths clearly as-
sociated with G25A, G25B′, or G25C. Both the G25A and
G25B′ regions show similar characteristics: elongated mor-
phologies with similar surface brightness and hard energy
spectra. Given their proximities, it is plausible that one celes-
tial object is responsible for their γ-ray emission. On the other
hand, the hard spectrum of G25B1 suggests that its γ rays
originate from a different object than the other regions. Ac-
tually G25B1 is spatially coincident with HESS J1837−069,
a candidate PWN powered by PSR J1838−0655. In addition,
the LAT SED is smoothly connected to that of the H.E.S.S.
data. The LAT spectral shape is the expected one from typi-
cal relativistic electron distribution of PWNe: dN/dp ∝ p−2.
Given the evidence, G25B1 is the most likely to be produced
by the PWN.
We study the AX J1836.3−0647 field, which is located
in the G25 region, using a ∼ 17 ks XMM-Newton obser-
vation (0.5–12 keV). We find that an unidentified X-ray
source AX J1836.3−0647 is composed of a cluster of ∼ 20
X-ray sources and study their spectra. Given their ther-
mal spectra and spatial concentration, we conclude that
AX J1836.3−0647 is an OB association/cluster; we call this
new object G25.18+0.26.
In this work, we propose that G25A and G25B′ are associ-
ated with an SFR created by a massive OB association; and
the OB association is G25.18+0.26 found by this work. Four
lines of observational evidence support this scenario. First,
the γ-ray properties of G25 resemble those of the Cygnus co-
coon region, the only firm case of γ-ray detection from an
SFR in our Galaxy: the γ-ray sources in both regions are spa-
tially extended; their energy spectra are described as power
laws with Γ of 2.1–2.2 without any significant spectral cur-
vature at least up to a few hundred GeV; the LAT finds no
significant spectral variation in either region. Second, recent
radio and IR observations have revealed a candidate massive
SFR in the direction of G25. We also confirm a correspond-
ing bubble-like structure of the molecular and the H I gas (G25
bubble) at 7.7 kpc, which may be created by a putative power-
ing source. Third, we find that G25.18+0.26 resides in the
G25 bubble. The unabsorbed X-ray luminosity of the ob-
ject at the assumed distance (7.7 kpc) is comparable to that of
Cygnus OB2, one of the most massive OB associations in the
Galaxy. This suggests that G25.18+0.26 is also a massive OB
association (∼ 2×104M). In addition, with near-IR data, a
candidate massive OB association has been claimed in this di-
rection. Finally, the observed γ rays look confined in the G25
bubble. This property is also shared with the Cygnus cocoon.
We examine the observational results based on the SFR sce-
nario. We construct models to reproduce the observed γ rays
of G25A and G25B′. Either the hadronic (Kep = 0.01) or the
leptonic (Kep = 1) scenarios can explain the data, where Kep is
a number ratio of the relativistic electrons to protons. In either
case, the momentum cutoff in the radiative-particle distribu-
tions is required to be & 1TeV.
The relativistic particles appear to be confined and have a
uniform spectral shape within the G25 bubble. This suggests
that the particles are trapped and stochastically accelerated by
magnetic turbulence in the bubble. The acceleration power
is likely to be provided through stellar winds of the young
massive SFR. In addition, the bright γ-ray emissions appear
to exist only near (but not on) the dense shell or clump. The
phenomenon is interpreted in two ways. The first is that the
gas density in the γ-ray emitting region is higher than that
elsewhere in the bubble: the particles are accelerated and fill
the entire bubble but the LAT is able to detect γ rays from
regions of the enhanced gas density. In the second interpre-
tation, the γ-ray emitting regions are interpreted as where the
relativistic particles exist: the particles are mainly accelerated
and trapped within the γ-ray emitting regions.
We compare physical parameters of G25 and the Cygnus
cocoon and find that the energy content of the accelerated
particles does not strongly depend on the stellar-wind power.
Rather, the energy content seems to depend on the volume of
cavities where the accelerated particles are trapped. We also
find that the spatial properties of G25 are similar to those of
the Cygnus cocoon region. Such properties may be tightly
connected to the acceleration and the emission processes in
the SFRs. This could explain why no γ-ray emission has been
detected from other known young massive SFRs up to now.
The accelerated particles appear to be confined within the
bubble; perhaps because the particles are unable to penetrate
the dense shells and clumps. This seems inconsistent with
the expectation that the accelerated protons penetrate into the
dense gas and emit γ rays via interactions with it. The uncer-
tain mechanism of such an unusual confinement may be key
to understanding the detailed acceleration process at SFRs.
G25 has no spectral curvature in the 0.2–500 GeV range;
the source is expected to be detectable by the current gen-
eration of TeV telescopes, although no TeV detection has
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been reported yet except for the G25B1 region. The G25A
region is an especially good target, since the γ-ray surface
brightness is high and no other γ source seems to contami-
nate the region. Spectral and spatial information in the TeV
band will enable us to study this interesting source in more
detail. The detailed properties of the newly-found OB associ-
ation G25.18+0.26 are still unknown. This is mainly because
the limited XMM-Newton statistics prevent us from studying
the individual members of the object. More observations by
X-ray telescopes such as XMM-Newton and Chandra will re-
veal its detailed features.
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APPENDIX
A. G27 REGION
The G27 region contains six point sources in a∼ 1.◦5 square
area as described in Section 2.2.1. The high concentration
of point sources might indicate that the observed γ-ray emis-
sion is extended as with G25. To check this possibility, we
estimate the extension of the observed γ-ray emission us-
ing the same procedure as in G25 (see Section 2.2.2). Note
that as the first step of the procedure we check for the ex-
istence of extended emission around the bright LAT PSR
J1838-0537, which is located in the G27 region, since the
2PC catalog reports unidentified extended off-peak emission
around this pulsar (Abdo et al. 2013). We construct an input
model by replacing sources in G27 from model2 (see Sec-
tion 2.2.1) for the multiple sources in Table 1. Figure 23
shows background-subtracted maps of G27 using the best-
fit values of this model; the subtracted background model
contains background sources outside the G27 region and the
contributions from the Galactic diffuse emission and isotropic
diffuse background.
Here we provide notes for each step in the procedure. As
stated above, we first check for the existence of extended
emission around LAT PSR J1838−0537 by adding an ellip-
tical shape around this pulsar. As shown in Table 12, there
is significant extended emission (TSext = 48), which is named
“G27A". Note that the elliptical region contains q1, but q1
still has a significant TS of 147, so that we keep this point
source in the model. Next we fit q1 using an elliptical shape
and obtain no significant extension (TSext = 2). We keep this
source solely as a point source and rename it “G27B". Then
we fit q2 using an elliptical shape. The resulting size is so
large (∼ 1◦) that the ellipse includes q3 and q4. The TS of
each of these sources decreases to less than 25 so that we re-
move both and refit the elliptical shape. We call this source
“G27C", which is significantly extended (TSext = 257; see Ta-
ble 12). We also compare the maximum likelihoods of models
of the elliptical shape (G27C) and three point sources (q2, q3,
and q4). The resulting value is −2ln(L3psc/LG27C) = 41. This
means that the elliptical shape explains the observed γ-ray
emission better than the three point sources. We adopt the el-
liptical shape, given that it has higher likelihood even though
it has 5 degrees of freedom fewer than the model with the
three point sources does. We fit q6 using an elliptical shape
and obtain TSext = 0, which means that the source is not signif-
icantly extended. We keep q5 as a point source and rename it
“G27D". With the same procedure, we find that the remaining
source q6 is also a point source; we rename it “G27E".
We test for spectral curvature for the sources described in
Table 12 for the 0.2–500 GeV energy range. Based on this
test, we adopt an appropriate spectral function and obtain
the best-fit spectral parameters using gtlike. The results are
summarized in Table 13. G27B and D have TSCut > 9 and
TSBPL > 12, which means a significant spectral curvature (&
3σ). Since a broken power law has one more free parameter
than a cut-off power law, here we adopt a cut-off power law.
Note that the choice of a cut-off or broken power law does not
change the results for our main target region, G25. We also
measure the spectral parameters of LAT PSR J1838−0537.
The parameters in the 2PC catalog are Γ = 1.6± 0.1, Ecut =
4.1±0.4GeV, and the integrated 0.1–100 GeV flux of (2.2±
0.2)× 10−7 photon cm−2 s−1. This flux corresponds to a 0.2–
500 GeV flux of 1.3× 10−7 photon cm−2 s−1. We confirm that
the values in the 2PC catalog are similar to those obtained
in this analysis (Table 13). We also note that TS of G27A
in the 0.2–500 GeV range is smaller than in 3–500 GeV. This
means that coupling of data of G27A and B occurs in the 0.2–
500 GeV range probably due to worse angular resolution at
lower energy. More study is needed to measure the precise
SED of each source. Here we do not study them further be-
cause decoupling the SEDs of the background sources does
not have a significant effect on our main target region, G25.
Figure 23 (right) shows that G27A, B, and C are
spatially coincident with an extended TeV source,
HESS J1841−055 (Aharonian et al. 2008). Actually,
Acero et al. (2013) report extended LAT emission associated
with HESS J1841−055 using > 10 GeV data. Thanks
to a longer and lower-energy dataset, we reveal that the
observed γ-ray emissions are more elongated than previously
reported. The TeV source appears to have a multiple-peaked
morphology, which might indicate the γ-ray emissions come
from multiple origins. In this paper, we treat this source as
a background source so that we do not perform a further
analysis of this complex region. A complete study will be
reported by a forthcoming paper (Fermi-LAT and H.E.S.S.
collaborations in preparation). We also note that a further
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FIG. 23.— Left: Fermi-LAT background-subtracted map of the G27 region above 3 GeV (in units of counts per pixel). The pixel size is
0.◦025. Smoothing with a Gaussian kernel of σ = 0.◦15 is applied. Note that we subtract the γ rays of LAT PSR J1838−0537 using its best-fit
values, since the pulsar is so bright that it dominates the region in this energy range (see Figure 1). The position of LAT PSR J1838−0537 is
represented by the white star. The green stars represent the point sources described in Table 2. The green crosses and the magenta X represent
positions of the 2FGL and 1FHL sources respectively. 1FHL 1839.1−0557 is the only 1FHL source in this region. Middle: same map as the
left panel. Green ellipses delineate the G27A and G27C regions. The point sources G27B, D, and E are represented by the green stars. The
position of LAT PSR J1838−0537 is represented by the white star. Right: same map as the left panel. HESS J1841−055 and its corresponding
TeV image are represented by the black ellipse and the cyan contours (Aharonian et al. 2008). The contour levels are 30, 45, 60, and 75 counts
per pixel, where the pixel size is 0 .◦0039. The white circle represents the best-fit Gaussian morphology (1σ) from Acero et al. (2013). We also
show the G27A and C regions (magenta ellipses) for comparison. The simulated point source in the inset is the same as that in Figure 2.
TABLE 12
COMPONENTS OF G27
Name Spatial Center position Positional Semi-major Semi-minor Angleb TSext TS Sources
type (l, b) errora axis (deg) axis (deg) (deg) in Table 2
G27A ellipse (26.◦34, -0.◦10) 0.◦03 0.47±0.03 0.26±0.03 −58±10 48 236 –
G27B point (26.◦31, -0.◦01) 0.◦02 – – – 2 34 q1
G27C ellipse (27.◦22, -0.◦10) 0.◦03 0.66±0.04 0.40±0.03 −24±4 257 273 q2, q3, q4
G27D point (25.◦96, 0.◦18) 0.◦02 – – – 0 28 q5
G27E point (27.◦87, 0.◦61) 0.◦04 – – – 0 29 q6
a The uncertainty of the center position at 68% confidence level
b Measured counter-clockwise from the Galactic longitude axis to the major axis
detailed analysis of this region will have a negligible effect
on the results obtained for the G25 region.
B. X-RAY LUMINOSITY OF YOUNG OB
ASSOCIATIONS/CLUSTERS
As stated in Section 4.3.2, the X-ray luminosity of an OB
association is expected to be roughly proportional to its mass.
We note that the similarities of the shape of the XLF are not
observationally assured at high luminosities (& 1032 erg s−1),
because only a small number of stars have been detected at
such high luminosities. However such high luminosities al-
most entirely arise from very massive stars, which are ex-
pected to be born in massive OB associations/clusters. There-
fore we expect the assumption of similarity to be roughly valid
even at the high luminosities. Here we check the expectation
for some OB associations/clusters.
The Orion nebula cluster (ONC) has a total mass of 1.9×
103M (Wright et al. 2010). For this relatively low mas-
sive cluster, only two members meet the criteria of > 7×
1031 erg s−1 in 2–8 keV (see Section 4.3.2) and the total lumi-
nosity of the two is 4× 1032 erg s−1 (Feigelson et al. 2005).
The luminosity of the ONC is ≈ 6% of Cyg OB2 (see Ap-
pendix C); the ratio is almost the same as that of their mass
(≈ 6%). We also check four more relatively less-massive
(∼ 300–600M) clusters, Cep OB3b, NGC 2264, RCW 36,
and NGC 2244 (Bonatto & Bica 2009; Getman et al. 2009;
Weidner et al. 2013, and references therein). The corre-
sponding luminosities of all the sources are estimated to be
∼ 1× 1032 erg s−1 (Getman et al. 2006; Kuhn et al. 2013),
∼ 30% of that of ONC, except for NGC 2264. The luminos-
ity of NGC 2264 cannot be obtained because it has no X-ray
sources with luminosity above the threshold (7×1031 erg s−1).
We also investigate a young massive OB association Wester-
lund 2 (∼ 1× 104M; Ascenso et al. (2007)). Five members
meet the criterion of > 7×1031 erg s−1 and the corresponding
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TABLE 13
SEDS OF G27 COMPONENTS ABOVE 0.2 GEV
Name Spectral Fluxa Photon Cutoff TSCut TSBPL TS
Function (10−8 ph cm−2 s−1) Index (GeV)
G27A PL 1.0±0.3 1.71±0.09 – 0 3 60
G27B PLCUT 8.7±0.8 1.82±0.07 4.5±0.6 49 56 715
G27C PL 5.7±0.5 1.98±0.03 – 0 0 413
G27D PLCUT 1.9±0.6 2.0±0.2 15±10 10 17 60
G27E PL 3.9±0.6 2.58±0.08 – 3 0 103
PSR J1838-0537 PLCUT 12.1±0.8 1.85±0.05 4.9±0.4 – – 1325
a The flux is integrated over the 0.2–500 GeV energy range
X-ray luminosity is estimated to be 4×1033 (d/5 kpc)2 erg s−1,
∼ 60% of that of Cygnus OB2 (Nazé et al. 2008). The dis-
tance to Westerlund 2 is still debated; estimates of the dis-
tance span the range 2.8–8 kpc (e.g., Ascenso et al. 2007; Fu-
rukawa et al. 2009; Rauw et al. 2011). In any case, we con-
firm that this massive association has a high X-ray luminosity
(> 1033 erg s−1). All in all, these results are roughly consistent
with our expectation: more massive associations/clusters are
more X-ray luminous even above ∼ 1032 erg s−1.
C. X-RAY LUMINOSITY OF CYGNUS OB2
Here we estimate the X-ray luminosity of the OB asso-
ciation Cyg OB2 to compare with that of G25.18+0.26 in
Section 4.3.2. To do that, we use ∼ 1700 X-ray sources in
Cyg OB2 cataloged by Wright & Drake (2009) based on two
Chandra observations in 2004 January and July. The com-
pleteness limit of the catalog is∼ 1030(d/1.45kpc)2 erg s−1 in
the 0.5–8 keV range. The first and second observations cover
the central and northeastern regions of Cyg OB2 respectively
with almost no overlap. Each observation has a 17′×17′ field
of view.
Since the observations do not cover the entire region of
Cyg OB2, we need to extrapolate to estimate the total lumi-
nosity of X-ray sources outside the observed regions. To es-
timate the total luminosity of Cyg OB2, we make reasonable
approximations: the spatial distribution of Cyg OB2 is spheri-
cally symmetric; the first observation is centered on Cyg OB2;
the second observation is exactly adjacent to the first one; and
each observation field is a circle with an effective radius of
re = 17′/
√
pi. We do not consider X-ray sources in the re-
gion r > 3re, where r is the distance from the center. This
is because the number density of members rapidly drops off
from the center so that the sources at r > 3re make negligible
contributions to the total luminosity of the association. Let
us define the total number of sources in the central and north-
eastern regions as N1 and N2 respectively. Under the noted
approximations, the number density at re < r≤ 3re is roughly
the same as that of the northeastern region (n2 = N2/pir2e ).
Therefore we can estimate the total number in Cyg OB2 as
N ≈ N1 +n2×pi((3re)2 − r2e ) = N1 +8N2. Since the shape of the
XLF is almost the same in both regions (Wright et al. 2010),
the total number of sources is proportional to the total lumi-
nosity. Then we can estimate the total luminosity of the as-
sociation as L = N/(N1 +N2)×L1+2 = 11/4×L1+2, where L1+2
is the observational X-ray luminosity. To derive the last term,
we use a relation of N2 ≈ 1/3N1 based on the observational
fact that the number of X-ray sources in the central region
is about three times larger than that in the northeastern re-
gion (Wright et al. 2010).
From the catalog in Wright & Drake (2009), we obtain
L1+2 = 2.3×1033 ergs−1 in 2–8 keV for sources with luminosi-
ties above 7× 1031 erg s−1 assuming a distance of 1.45 kpc.
Finally we derive the estimated total luminosity LCyg of 6.3×
1033 erg s−1 for Cyg OB2. The integrated number of sources
is also estimated to be 11/4×7≈ 19. For reference, we also
provide the estimated luminosity of 5.2× 1033 erg s−1 in 2–
8 keV for sources with a luminosity above 1× 1032 erg s−1.
The estimated integrated number of sources is ≈ 8. This indi-
cates that the total luminosity is dominated by the most lumi-
nous stars so that the choice of the threshold luminosity does
not significantly affect our estimate.
D. TARGET GAS AND PHOTONS FOR MODELING
Here we evaluate the target gas density and the target pho-
tons for the modeling in Section 4.4. The values are estimated
based on the SFR scenario (see Section 4.3), in which the γ
rays are radiated from cavities delineated by shells of the G25
bubble but not from the shells themselves. To evaluate the tar-
get gas density, we estimate densities of each gas phase (H II,
H I, and H2) and then sum the estimated values. We also esti-
mate the target photon field.
First we estimate the number density of H II based on
the free-free emission. Murray & Rahman (2010) report in-
tense free-free emission within a diameter of 3.◦92× 1.◦66
at (l,b) = (24.◦5,0◦), which includes the region of the G25
bubble. The flux of the free-free emission is estimated to be
1377 Jy at 90 GHz. Here we assume that the G25 bubble (cre-
ated by the massive OB association G25.18+0.26) is respon-
sible for all the free-free emission within its region, given that
free-free emission is mainly due to reprocessed ionizing pho-
tons emitted by young massive stars. For the estimation of
the flux, we assume that the surface brightness (Sff) is uni-
form in the region; under this assumption Sff is 269 Jy deg−2
at 90 GHz. Then we evaluate the emissivity of the bubble as
F ffB = S
ff ×ΩB = 381Jy, where ΩB is the solid angle of the
bubble with a size of 1.◦5× 1.◦2. The corresponding lumi-
nosity at 90 GHz (Lffν ) is 2.7× 1025 (d/7.7 kpc)2 erg s−1 Hz−1.
The free-free emission can be described as Lffν ≈
∫
0n2edV ,
where 0 is 2.7× 10−39 erg cm3 s−1 Hz−1, ne is an electron
density, and V is a volume of the emission region. Here
we follow the approximation for the 90 GHz emission in
Murray & Rahman (2010). The volume of the bubble is
V ≈ (4pi/3)r3m = 9.0× 1061(d/7.7kpc)3 cm3, where rm is the
geometric mean of the semi-minor and semi-major axes (=
90 pc). Assuming uniform emission within the bubble, we
can estimate the electron density in the bubble using the re-
lation ne ≈
√
Lffν/(0V ) = 10.5(d/7.7kpc)
−0.5 cm−3. Finally
the ionized hydrogen gas density in the bubble is estimated as
n(H II)≈ ne = 10.5cm−3.
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Next we estimate the number density of H I. To do that,
we first evaluate the column density of N(H I) for the G25A
and G25B′ sources. The H I column density is evaluated un-
der the assumption of the optically thin limit (Dickey & Lock-
man 1990): N(H I)' 1.82×1018 ∫ Tb(H I;vr)dvr cm−2, where
Tb(H I;vr) is the brightness temperature of the observed 21 cm
line at vr. The gas within the bubble is expected to have ran-
dom motions especially under our assumption that the bub-
ble is powered by the massive OB association G25.18+0.26.
Therefore we need to integrate some range of vr around vr =
113kms−1, the corresponding velocity for d of 7.7 kpc. How-
ever as shown in Figure 19, there must be some gas which is
not associated with the bubble in this complex region around
the velocity. In order not to overestimate the gas density in
the bubble, we integrate the H I gas above the velocity at
the tangent point of 113 km s−1. Under the assumption that
the bubble is located at the tangent point, most gas above
vr = 113 km s−1 is expected to be associated with the bubble.
Since the integrated gas is expected to consist of about a half
of all H I gas in the bubble if the gas randomly moves, the to-
tal column density can be estimated by doubling the obtained
value. Here we adopt the range 113kms−1 ≤ vr < 125kms−1
for the integration. Parts of the G25A and G25B′ regions are
used to estimate the number density of H I of each region (see
Figure 20). This is because we try to estimate the gas den-
sity and avoid confusion from the dense shell; as discussed in
Section 4.3.3 the observed γ rays appear associated with the
inside of the shell and not the shell itself. We assume that
the H I gas of the obtained density is uniformly distributed
within each source. Using the methods described above, we
estimate N(H I) = 1.1× 1021 and 0.77× 1021 cm−2 for G25A
and G25B′. The length of the line of sight through G25A and
G25B′ is estimated as LA,B′ = 2× rA,B′ = 121,114pc, where
rA,B′ is the geometric mean of the semi-minor and the semi-
major axis for each source. Finally we obtain the estimated
n(H I) = N/L of 2.9 and 2.2 cm−3 for G25A and G25B′.
Thirdly we estimate the number density of molecular gas
(H2). As shown in Figure 18, no strong 13CO emission is
found within the G25 bubble. In the previous sections, we
use the data from GRS (13CO J = 1–0) because of the good
angular resolution. The GRS traces the morphology of dense
H2 clouds so that GRS is an appropriate choice. On the
other hand, to trace sparse, lower-density molecular gas, we
should use 12CO J = 1–0 line emission. Here we take data for
12CO J = 1–0 emission from Dame et al. (2001). We evalu-
ate the H2 column density of N(H2)' XCO
∫
TCOb (vr)dvcm
−2,
where XCO is 1.8 × 1020 (kms−1)−1 (Bolatto et al. 2013)
and TCOb (vr) is the brightness temperature of the observed
12CO J = 1–0 line emission at vr. We apply the same method
as n(H I) to obtain n(H2) (see above); the extracted regions
are shown in Figure 20. Finally we evaluate n(H2) of 2.5 cm−3
and 3.0 cm−3 for G25A and G25B′ respectively.
Finally total gas densities are estimated to be nA,B′ =
n(H II) + n(H I) + 2× n(H2) = 18,19cm−3. Given the simi-
lar values of nA and nB′ , we adopt a total gas density n of
20 cm−3 for modeling both sources in Section 4.4. Here we
do not consider dark gas (neutral gas not traced by the emis-
sion line surveys considered above), since the contribution of
dark gas would be less than the H II gas on our assumption
that the G25 bubble is almost fully ionized by the OB associ-
ation G25.18+0.26. We note that even if the dark gas density
is comparable with the H II gas density, such an increase in
density does not make a significant difference in the model
results of Section 4.4.
For the distributions of the target photons, we consider con-
tributions from the stellar light of G25.18+0.26, the dust emis-
sion in the G25 bubble, and cosmic microwave background.
To estimate the stellar light, we need to estimate the number
of massive stars in G25.18+0.26. In Section 4.3.2, the total
mass of G25.18+026 is estimated to be about half of that of
Cyg OB2, which indicates that the number of massive stars in
G25.18+0.26 is also about half of that of Cyg OB2. There-
fore we estimate the stellar light of G25.18+0.26 as half that
of Cyg OB2; the estimated stellar luminosity of Cyg OB2 is
obtained from MA11. The obtained stellar light field is rep-
resented as six black-body components. The average energy
density of the stellar light is determined by the energy density
at a typical distance from the center of G25.18+0.26 to each
source: 54 pc for G25A and 81 pc for G25B′. It is difficult
to estimate the dust emission in the bubble in this complex
region. Here we assume that environment of the G25 bubble
is similar to that of the Cygnus cocoon, a cavity created by
Cyg OB2, and adopt the dust emission of the Cygnus cocoon
estimated in MA11 as that of the G25 bubble.
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